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Development of Pseudomonas aeruginosa Biofilms in 
Partial-Thickness Burn Wounds Using a Sprague-Dawley 
Rat Model

Kenneth S. Brandenburg, PhD,* Alan J. Weaver, Jr., PhD,* Liwu Qian, MD, PhD,* Tao You, PhD,* 
Ping Chen, PhD,* S. L. Rajasekhar Karna, PhD,* Andrea B. Fourcaudot, MS,* Eliza A. Sebastian, 
MS,* Johnathan J. Abercrombie, MS,* Uzziel Pineda,* Jinson Hong, DDS, PhD,*†  
Nathan A. Wienandt, DVM, DACVP,‡ and Kai P. Leung, PhD* 

We used a modified Walker–Mason scald burn rat model to demonstrate that Pseudomonas 
aeruginosa, a common opportunistic pathogen in the burn ward and notable biofilm 
former, establishes biofilms within deep partial-thickness burn wounds in rats.
Deep partial-thickness burn wounds, ~10% of the TBSA, were created in anesthetized male Sprague-Dawley rats 
(350–450 g; n = 84). Immediately post-burn, 100 µl of P. aeruginosa in phosphate-buffered saline at 1 × 103, 1 × 104, 
or 1 × 105 cells/wound was spread over the burn surface. At 1, 3, 7, and 11 days post-burn, animals were euthanized 
and blood and tissue were collected for complete blood counts, colony-forming unit (CFU) counts, biofilm gene 
expression, histology, scanning electron microscopy (SEM), and myeloperoxidase activity in the burn eschar.
P. aeruginosa developed robust biofilm wound infections, plateauing at ~1 × 109 CFU/g burn tissue 
within 7 days regardless of inoculum size. Expression of Pseudomonas alginate genes and other virulence 
factors in the infected wound indicated formation of mature P. aeruginosa biofilm within the burn eschar. 
Compared to un-inoculated wounds, P. aeruginosa infection caused both local and systemic immune 
responses demonstrated by changes in systemic neutrophil counts, histology, and myeloperoxidase 
activity within the burn wound. Additionally, SEM showed P. aeruginosa enmeshed within an 
extracellular matrix on the burn surface as well as penetrating 500–600 µm deep into the eschar.
P. aeruginosa establishes biofilms within deep partial-thickness burn wounds and invades deep into the burned tissue. 
This new in vivo biofilm infection model is valuable for testing novel anti-biofilm agents to advance burn care.

Pseudomonas aeruginosa is a gram-negative opportunistic path-
ogen known for its propensity to form biofilms. Biofilms are 
extracellular matrices composed of bacteria-derived exopolysac-
charides, extracellular DNA, proteins, and bacterial cells them-
selves.1–6 Similarly, Pseudomonas biofilms contain several forms 
of exopolysaccharides (alginate, Psl, and Pel), extracellular 

DNA, proteins, and lipids. A key attribute afforded by biofilm 
lifestyle is the inherent drug resistance imparted to bacterial cells 
within the matrix. Bacterial cells dwelling within the biofilm 
require nearly 1000× the antimicrobial concentration needed 
to kill their planktonic, single-cell living, counterparts.7–9 The 
same phenomena holds true for their ability to resist attack and 
phagocytosis by a host’s immune system.10–12 The mechanisms 
of this resistance are partly attributed to the exopolysaccharides 
that physically block, sequester, or inactivate/degrade antibiot-
ics before interacting with bacterial cells13–16; additionally, cells 
dwelling deep within the biofilm may be sessile or non-growing, 
and thereby evade the mechanisms of action of many antimi-
crobial agents.17–20 Not surprisingly, bacterial biofilms are often 
associated with many long-lasting infections such as cystic fibro-
sis,21–24 chronic otitis media,25–27 chronic skin wounds (pressure, 
venous, and diabetic foot ulcers),28–31 and dental plaques.32–34

During the initial hours and days post-burn, gram-positive 
staphylococci, as members of normal skin flora, colonize the 
wound surface because they often survive the thermal injury.35 
Often within a week following a burn, secondary colonization 
of the burn wound surface by other bacterial and fungal spe-
cies occurs, including P. aeruginosa. Contamination of the burn 
wound with P. aeruginosa may lead to an invasive burn wound 
infection and potentially fatal sepsis.36,37 This was the basis for 
development of the original Walker–Mason rat scald model at the 
U.S. Army Institute of Surgical Research (USAISR) in the 1960s 
to evaluate treatment modalities to reduce mortality associated 
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with Pseudomonas burn wound infection. Upon infection, of 
either partial- or full-thickness burn wounds in rats, with clinical 
burn wound isolates of P. aeruginosa, severe invasive burn wound 
infection developed resulting in animal death.38–43 This recapitu-
lated the clinical observations of P. aeruginosa burn infection. 
Directly out of this model, two treatments—mafenide acetate 
(Sulfamylon®) and silver sulfadiazine (Silvadene®)—were exam-
ined and showed near complete protection of the animal from 
infection with high inoculums, 106–108 colony-forming unit 
(CFU)/wound, of the pathogen.39,44–46 Additionally, the role of 
early excision was noted for improving survival of a large TBSA 
burn with concomitant P. aeruginosa infection.47 This formed 
the basis of current clinical practice for treatment of severe burn 
wounds at the USAISR burn center. These treatments, while 
immensely effective at preventing invasive P.  aeruginosa burn 
wound infection, primarily target planktonic Pseudomonas bacte-
ria and are severely limited by their ease of application and require 
a great number of person-hours to perform on a daily basis.45 In 
addition, delaying treatment by only 48–72 hours after the burn 
decreased the effectiveness of the antimicrobial treatments.39 We 
hypothesized that P. aeruginosa, left untreated, forms biofilms 
within the burn eschar, thereby resulting in both exacerbated 
wound progression and systemic inflammatory effects.

Here, we describe the development of P. aeruginosa bio-
films within partial-thickness burn wounds using a modified 
Walker–Mason scald model.48 We determined that the time 
required for creating partial- and full-thickness burn wounds 
in 350–450 g Sprague-Dawley rats was 3 and 6 seconds at 
99–100°C, respectively. We used the same clinical P. aerugi-
nosa isolate as the original Walker–Mason scald burn model, 
strain 12-4-4(59). This strain was isolated at the Brooke Army 
Medical Center (Joint Base San Antonio [JBSA]-Fort Sam 
Houston, TX) from a female burn patient with partial- and 
full-thickness burns comprising 70% TBSA.38,49 P. aeruginosa 
formed robust wound infections regardless of inoculation 
level. In the wound tissue, several biofilm-associated genes 
were significantly upregulated. Scanning electron microscopy 
(SEM) revealed the presence of Pseudomonas communities 
embedded within matrix material and the invasive nature of 
the pathogen to penetrate the burn eschar. To our knowledge, 
this is the first report of a biofilm-based infection in partial-
thickness burn wounds using a rat model.

METHODS

Partial-Thickness Infection Scald Model

Animal Ethics Statement. The Institutional Animal Care and 
Use Committee (IACUC) at the USAISR (JBSA-Fort Sam 
Houston, TX) approved this study (animal protocol num-
bers A-16-020 and A-16-035) on January 22, 2016 and May 
31, 2016, respectively. Research was conducted in compli-
ance with the Animal Welfare Act, the implementing Animal 
Welfare Regulations, and the principles of the Guide for the 
Care and Use of Laboratory Animals, National Research 
Council. The facility’s IACUC approved all research con-
ducted in this study. The facility where this research was con-
ducted is fully accredited by AAALAC International.

Deep partial-thickness burns were created on the dor-
sum of 84 male Sprague-Dawley rats weighing 350–450 g. 

The burn area equaled ~10% of the TBSA as determined by 

Meeh’s formula, A kW=
2
3 , where A is the TBSA in cm2, k 

is the Meeh constant (9.46 for Sprague-Dawley rats), and W 
is body weight in grams.50

One day prior to scalding, rats were anesthetized with 
2.5–4% isoflurane (Forane, Baxter Healthcare Corporation, 
Deerfield, IL) and the dorsum shaved and depilated with Nair 
(Church & Dwight Co., Inc., Ewing, NJ). Buprenorphine 
SR LAB (1.2  mg/kg; Zoopharm Pharmacy) was adminis-
tered subcutaneously for proactive pain management. Rats 
were housed individually following shaving. On the day of the 
burn, rats were anesthetized with 2.5% isoflurane for 15 min-
utes. Once anesthetized, eye lube (Artificial Tears Ointment, 
Akorn, Inc., Lake Forrest, IL) was applied and initial vital 
signs (ie, blood oxygen content and pulse rate) were measured 
using a pulse oximeter (2500A Vet Pulse Oximeter, Nonin 
Medical, Inc., Plymouth, MN).

To induce the burn injury, anesthetized rats were posi-
tioned in an insulated polyvinyl chloride mold (Figure  1A) 
with a 9 × 5.3 cm opening allowing exposure of ~10% of the 
TBSA to near-boiling water. Upon correct positioning in the 
template (Figure 1B), anesthetic surgical plane was verified via 
toe pinch and the rats were locked in place with Velcro straps. 
The entire mold was lowered into the near-boiling water. 
Exposure to 99°C water for 3 seconds resulted in partial-
thickness burn injury, while exposure for 6 seconds resulted in 
full-thickness burn injury (see “Results”). A Precision CIR 35 
circulating water bath (Thermo Scientific, Waltham, MA) set 
at 99°C water temperature was used to induce the scald burns.

Immediately after the burn, excess water was blotted from 
the skin using damp papers towels (room temperature). 
Warmed (37°C) lactated Ringer’s solution (LRS) (Baxter 
Healthcare Corporation) was used to resuscitate the rats after 
the burn based on Parkland’s formula: Volume resuscitation 
(ml) = 4 × Body weight (kg) × Percent burn of TBSA. On 
average, the rats were resuscitated with 16 ml of LRS, split 
into four equal intraperitoneal injections over 24 hours fol-
lowing the burn. The burn injury was imaged using a Nikon 
D90 with an attached Nikkor AF-S lens (18–105 mm, 1:3.5–
5.6 G) immediately following the burn and on each of the 
experimental end dates.

The burn surface was inoculated with P. aeruginosa strain 
12-4-4(59). P. aeruginosa was grown in Trypticase Soy Broth 
(TSB; Becton, Dickinson and Co., Sparks, MD) overnight at 
37°C and subcultured the next morning into fresh TSB to 
reach the mid-logarithm (log) growth phase. Bacteria cells in 
the mid-log growth phase were centrifuged at 3000g for 15 
minutes at 4°C and re-suspended in 1× phosphate-buffered 
saline (PBS) (Sigma, St. Louis, MO) and adjusted to different 
inoculum sizes based on optical density at the wavelength of 
600 nm. Bacterial cells (in 100 µl PBS) of different inoculum 
sizes (103, 104, or 105 CFU/wound) were spread over the 
burn area using a sterile pipette tip. Sterile PBS was used as a 
control (un-inoculated). The total number of animals included 
in the study was 84, with 12 serving as controls and 24 in each 
P. aeruginosa inoculation group. The experiment was repeated 
three times. In each experimental repeat (n = 28), the number 
of animals in each inoculation group was set to two per day 
and the number of controls was set to one per day for each 
of the experimental end points, post-operative day (POD) 1, 
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Figure 1. A. Side and top views of the burn template designed to expose ~10% of the TBSA to near-boiling water. Note two Velcro straps hold the 
rat in place and 2-mm-diameter tubing on either side of the burn window allows escape of trapped air as the burn mold is lowered into the water 
bath. B. Demonstration of a rat positioned correctly in the burn template. C. Top (left panel) and bottom (right panel) views of the composite rat 
jacket. The jacket comprised three pieces: a front leg strap, in which the front legs are inserted, sutured to the piece that wraps around the ventral 
and dorsal surfaces and a Velcro tab that holds the front strap closed when placed on the rat. D. Demonstration of a rat wearing the jacket, which 
remained on the animals and was well tolerated for up to 11 days.
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3, 7, and 11. In addition to the primary study, a baseline data 
set (n = 30) was generated using animals exposed to the exact 
same experimental conditions minus the burn and surface 
inoculation of P. aeruginosa (sham burn group). An additional 
36 rats were used to optimize the scald times for partial- and 
full-thickness burn wounds in Sprague-Dawley rats.

The wounds were covered with a non-adherent dressing 
(N-Terface Wound Contact Layer, Winfield Laboratories, 
Inc., Richardson, TX). Tegaderm™ Film (3M Health Care, St. 
Paul, MN) was placed over the non-adherent dressing and 
sealed to the skin surrounding the burn with NOTAPE pro-
fessional silicone bonding adhesive (Vapon, Inc., Fairfield, 
NJ). After bandaging, rats were placed into a composite rat 
jacket (developed in house by co-authors L.Q.  and P.C.; 
Figure  1C and D) to prevent disruption of the Tegaderm 
Film and self-inflicted damage to the underlying burn wound. 
The rats were recovered in a ThermoCare Portable Animal 
Intensive Care Unit (Daisy Products LLC, Paso Robles, CA). 
Daily weights and pain assessments were made throughout 
the experiment to determine if additional pain relief or fluid 
resuscitation was required.

End-Point Procedures
On each euthanasia day, rats were anesthetized with 100 mg/
kg Ketamine HCl (Zetamine, MWI Veterinary Supply Co., 
Boise, ID) and 10 mg/kg Xylazine (Akorn Animal Health, 
Inc., Lake Forest, IL). Additionally, 4% isoflurane was deliv-
ered via nosecone to ensure depth of surgical anesthetic plane, 
as needed. Blood was obtained via cardiac puncture followed 
immediately by direct intra-cardiac injection of Fatal-Plus® 
(Vortech Pharmaceuticals, Ltd., Dearborn, MI). Euthanasia 
was confirmed by lack of cardiac movement, pulse, and breath-
ing as specified by the AVMA Guidelines for the Euthanasia of 
Animals: 2013 Edition.51

After confirming euthanasia, the Tegaderm dressings 
were removed and the wounds were imaged. The entire 
burn area was excised from the dorsum and three sep-
arate histologic cross-sections were taken from the cra-
nial, middle, and caudal parts of the burn. Additionally, 
wound tissue was isolated using a 7-mm biopsy punch for: 

quantitative bacteriology, bacterial mRNA expression lev-
els, myeloperoxidase (MPO) activity, and SEM of the burn 
wound surface. Spleens, liver, and kidney samples were 
also taken at each experimental end point, flash frozen in 
Liquid Nitrogen, and stored at −80°C for future analy-
sis. After collecting the cardiac blood samples in EDTA-
coated blood collection tubes (BD Vacutainer 367841) and 
analyzing on an Abbott CELL-DYN® 3700 Blood Count 
Analyzer (Abbott Laboratories, Abbott Park, IL), systemic 
neutrophil counts were determined.

Bacterial Load Quantification
Four random 7-mm biopsy punches from the burn wound 
were placed in pre-weighed MagNA Lyser Green Beads 
tubes (Roche Diagnostics GmbH, Mannheim, Germany), 
weighed to determine the tissue weight, and homogenized 
with 1 ml PBS using a FastPrep®-24 Tissue Homogenizer 
(MP Biomedicals, LLC, Santa Ana, CA). The samples were 
serial diluted with PBS and plated on Trypticase soy agar 
containing 5% sheep’s blood (Becton, Dickinson and Co.) 
as well as P.  aeruginosa isolation agar (Hardy Diagnostics, 
Santa Maria, CA) using a WASP 2 Spiral Plater (Microbiology 
International, Frederick, MD). Viable CFUs were enumer-
ated using a ProtoCOL 3 Colony Counter (Microbiology 
International) and plotted as log10 (CFU/g wound tissue) 
± SEM.

Fifty microliters from each of the four biopsy homogenates 
per animals were pooled for analysis by PCR using P. aerug-
inosa-specific and universal primers. Bacterial DNA was iso-
lated using the DNeasy Blood & Tissue Kit (Qiagen, Valencia, 
CA) according to the manufacturer’s instruction. For quan-
tification of P. aeruginosa tissue load by qPCR, primers and 
probe were designed using the outer membrane lipoprotein 
gene oprL sequence.52 For the quantification of total bacterial 
load in each wound, the sequences of the universal primers 
and probe set used were based on the amplification of 16S 
rDNA.53 Primers and probes, sequences listed in Table  1, 
were synthesized by Applied Biosystems (Carlsbad, CA). The 
specificity of the primers and probe set for P. aeruginosa was 
confirmed by lack of amplification when genomic DNA from 

Table 1. List of PCR primers for 16s ribosomal target regions and qRT–PCR

Gene name Primer sequence 5ʹ to 3ʹ

P. aeruginosa oprL – forward 5ʹ-ATGGAAATGCTGAAATTCGGC-3ʹ
P. aeruginosa oprL – reverse 5ʹ-CTTCTTCAGCTCGACGCGACG-3ʹ
P. aeruginosa oprL – probe (6FAM)-5ʹ-TGCGATCACCACCTTCTACTTCGAGT-3ʹ-MGBNFQ
Total 16S rDNA – forward 5ʹ-TCCTACGGGAGGCAGCAGT-3ʹ
Total 16S rDNA – reverse 5ʹ-GGACTACCAGGGTATCTAATCCTGTT-3ʹ
Total 16S rDNA – probe (6FAM)-5ʹ-CGTATTACCGCGGCTGCTGGCAC-3ʹ-MGBNFQ
FabD – forward 5ʹ-GGTCCAGAATGGTCCTGAAGAG-3ʹ
FabD – reverse 5ʹ-CGATCGAAACCGTAAGGATGGC-3ʹ
PvdS – forward 5ʹ-GATAACCGTACGATCCTGGTGAAG-3ʹ
Pvds – reverse 5ʹ-GACGATCTGGAACAGGTAGCTGAG-3ʹ
Alg8 – forward 5ʹ-CAAGGATTTCATCCTGCTTATCGG-3ʹ
Alg8 – reverse 5ʹ-GAAACTGGTGACCATCAGGAACA-3ʹ
AlgE – forward 5ʹ-GACAACCTCGACAAGACCTATACC-3ʹ
AlgE – reverse 5ʹ-CTCGAACGATAGTTGTAGGCATCG-3ʹ
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other bacteria was used as the template in the PCR reactions. 
Genomic P. aeruginosa DNA from the mid-log growth phase 
culture was isolated to establish a standard curve for bacte-
rial quantification of wound samples. The concentration of 
isolated genomic DNA was determined using a Quant-iT ds 
DNA BR Assay Kit (Invitrogen, Carlsbad, CA) and confirmed 
by gel electrophoresis.

All real-time PCR reactions were performed with a 
StepOne Plus Real-Time PCR System (Applied Biosystems) 
using optical grade 96-well plates. All samples were run in 
triplicate. Each PCR reaction was performed in a total volume 
of 20 µl of TaqMan Gene Expression Master Mix (Applied 
Biosystems) containing 100 nM of each of the forward and 
reverse primers, TaqMan MGB probe, and 5 µl of the sam-
ple template. The reaction conditions for DNA amplification 
were 95°C for 5 minutes, 40 cycles (95°C for 15 seconds fol-
lowed by 60°C for 1 minute). StepOne software provided by 
Applied Biosystems was used to analyze the data. The amount 
of P. aeruginosa (or total) genomic DNA in each sample was 
converted into genome copy number and normalized by the 
weight of the wound sample.

Histology
Three tissue cross-sections (5–10 mm) from each wound were 
fixed in 10% buffered formalin in PBS (Fisher Diagnostics, 
Kalamazoo, MI) for at least 48 hours and processed for rou-
tine embedding in paraffin wax. Thin 4–5-µm sections from 
each sample were stained with hematoxylin–eosin (H&E) and 
terminal deoxnucleotidyl transferase dUTP nick-end labeling 
(TUNEL) for evaluation of tissue damage and burn depth. 
Penetration of P.  aeruginosa into the eschar was visualized 
by SEM and peptide nucleic acid (PNA)-fluorescent in situ 
hybridization (FISH).

TUNEL Staining
To detect apoptotic cells in the burn tissue, histologic cross-
sections were stained using a Click-iT® Plus TUNEL Assay 
kit (Life Technologies, Carlsbad, CA) following the manu-
facturer’s directions. Briefly, tissue sections on slides were 
deparaffinized with xylene and re-hydrated with an ethanol 
series before fixation in 4% paraformaldehyde for 15 minutes. 
The tissue was permeabilized with Proteinase K for 15 min-
utes and additionally fixed with 4% paraformaldehyde for 5 
minutes. The tissue was incubated in TdT Reaction Buffer for 
10 minutes before addition of the TdT Reaction Mixture for 
60 minutes at 37°C. Tissue sections were then washed with 
3% bovine serum albumin (BSA) in 0.1% Triton X-100 for 5 
minutes, rinsed with PBS, and incubated with Click-iT Plus 
TUNEL reaction cocktail for 30 minutes at 37°C in the dark 
before washing with 3% BSA in PBS for 5 minutes. The samples 
received a final rinse in PBS before being cover slipped using 
ProLong Gold Antifade Mountant with 4ʹ,6-diamidino-2-
phenylindole (DAPI; Life Technologies). Fluorescent images 
were acquired using a ×10 objective and Ex/Em wavelengths 
of 590/615 nm for Alexa Fluor 594 to show damaged DNA 
strands and 358/461 nm for DAPI as a general nuclei stain 
on a Leica Aperio Versa 200 (Leica Biosystems, Inc., Buffalo 
Grove, IL) slide scanner.

Histopathology Assessment
The semi-quantitative analyses were based on the follow-
ing scale: 0 is normal skin; 1 is epithelial necrosis within the 
epidermis, but the basement membrane remains intact; no 
dermal changes; 2 is epithelial ulceration, thinning, or regen-
eration; denatured collagen in top half of dermis; hair follicles 
and sebaceous glands in top half of dermis are necrotic (+/−); 
inflammation (+/−); 3 is epithelial ulceration, thinning, or 
regeneration; denatured collagen in top and bottom half of 
dermis; inflammation from dermis extends into muscle layer; 
degeneration, necrosis, and/or regeneration of superficial 
individual myocytes in muscle layer; hair follicles and seba-
ceous glands in top half and hair follicles in bottom half are 
necrotic (+/−); hemorrhage, congestion, and edema in mid to 
deep dermis (+/−); inflammation (+/−); 4 is epithelial ulcera-
tion, thinning, or regeneration; denatured collagen in top and 
bottom half of dermis; hair follicles and sebaceous glands in 
top half of dermis and hair follicles of bottom half of dermis 
are necrotic; hemorrhage, congestion, and edema in deep der-
mis present; degeneration, necrosis, and/or regeneration of 
entire muscle layer present; inflammation present.

Peptide Nucleic Acid-Fluorescent in situ 
Hybridization
Histology sections of un-inoculated and P. aeruginosa-infected 
burn wound tissue on PODs 7 and 11 were probed with the 
AdvanDx Escherichia coli/P. aeruginosa PNA-FISH Culture 
Identification Kit KT007 (OpGen, Inc., Gaithersburg, MD) 
to confirm the penetration of P.  aeruginosa into the burn 
eschar. Briefly, 4-µm-thick sections were deparaffinized using 
xylene. AvanDx fixative solution was applied to cover the tis-
sue section on the slide and incubated for 20 minutes on a 
55°C slide warmer. One drop of the PNA-FISH probe was 
hybridized to each tissue section using a coverslip for 45 
minutes on the slide warmer. The coverslip was removed by 
allowing the slide to soak in heated wash buffer, and the tis-
sue section was rinsed in 55°C wash buffer (included in the 
kit) for 45 minutes. After washing, the samples were cover 
slipped using the included mounting medium and edges were 
sealed with Permount. Tissue sections were evaluated using 
the Texas Red filter (596/615 nm) with a ×10 objective on a 
Leica Aperio Versa 200 slide scanner.

Scanning electron microscopy
For observation of burn wound surface-associated P. aerugi-
nosa biofilms, biopsy tissues were fixed by 2.5% phosphate-
buffered glutaraldehyde for 24 hours at 4°C. The fixed 
samples were dehydrated in a graded series of cold ethanol/
water (increasing from 10, 30, 50, 70, 80, 90, 95% to 100% 
ethanol) for 10 minutes each. The samples were dehydrated 
using a critical point dryer (EM CPD300, Leica Biosystems, 
Inc.) and coated with carbon and gold/palladium using a 
Leica ACE600 Coater.

To determine P.  aeruginosa tissue penetration, paraffin-
embedded histologic sections on microscopy slides were 
deparaffinized with 100% xylene and allowed to air dry before 
being coated with carbon and gold/palladium. All samples 
were observed with a Sigma VP40 field emission scanning 
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electron microscope (Carl Zeiss, Inc., Germany) in high vac-
uum mode at 2 kV.

RNA Extraction and Quantitative RT–PCR for 
P. aeruginosa Biofilm Genes
Wound tissue used to quantify biofilm gene expression were 
placed immediately in tubes pre-filled with 1 ml of RNA sta-
bilization mix (3 volumes of RNAprotect Bacteria Reagent 
[Qiagen, Germantown, MD] with 1 volume of PBS) and 
MagNA Lyser Green beads. Tissues were homogenized for 90 
seconds at 5000 rpm in a FastPrep®-24 Tissue Homogenizer. 
Bacterial RNA was isolated with TRIzol (Life Technologies) 
and purified using RNEasy Mini-Kit (Qiagen). Genomic 
DNA was removed by treatment with DNAse I (Ambion, 
ThermoFisher) and the absence of DNA contamination was 
confirmed using a control without reverse transcriptase and 
demonstrating a Ct value 10 cycles higher than the reverse 
transcribed samples. The RNA was quantified (A260/A280, 
NanoDrop, Thermo Scientific). The purified RNA was reverse 
transcribed to cDNA using the iScript Select cDNA synthe-
sis kit (Bio-Rad, Hercules, CA). The RNA was isolated and 
pooled from four 7-mm biopsy samples harvested from each 
animal. Each gene transcript-level determination was from 
RNA pooled from 16 to 20 infected wounds. Quantitative 
real-time PCRs were performed using the SYBR green mas-
ter mix (Bio-Rad) with specified primers (Table 1) and analy-
sis by the StepOne System (Applied Biosystems) with relative 
changes using fabD housekeeping gene, and fold difference 
with 2−ΔΔCt method. Unpaired Student’s t test and p <.05 were 
implemented.

MPO Assay
Tissue samples were freeze fractured under Liquid Nitrogen 
using a Bessman Tissue Pulverizer (Spectrum, Inc., Rancho 
Dominguez, CA) and collected in pre-weighed Eppendorf 
tubes prior to homogenization. Samples were homoge-
nized in accordance with the Fluoro MPO Myeloperoxidase 
Detection Kit (Cell Technology, Inc., Mountain View, CA). 
Briefly, samples were processed using an IKA T10 basic Ultra 
Turrax tissue homogenizer (IKA Works, Inc., Wilmington, 
NC), centrifuged at 12,000g for 20 minutes at 4°C. The 
tissue pellets were re-suspended in MPO solubilization 

buffer, reprocessed with the tissue homogenizer, sonicated 
with a Sonic Dismembrator Model 100 (Fisher Scientific, 
Kalamazoo, MI) for 5 seconds, and subjected to two freeze-
thaw cycles before isolating and storing the supernatant at 
−80°C. Fifty microliters of MPO enzyme standard (from the 
kit) or sample were mixed with an equal volume of MPO reac-
tion cocktail and incubated for 60 minutes at room temper-
ature in black-opaque, clear-bottom, microtiter plates before 
measuring fluorescence (530/590 nm). Relative fluorescence 
was converted to MPO activity using the standard curve gen-
erated from the MPO standard included in the kit.

Statistical Analysis
GraphPad Prism 7.03 (GraphPad Software, Inc., San Diego, 
CA) was used to plot and analyze the data. Results were com-
pared using two-way analysis of variance with Tukey’s multiple 
comparisons test to determine significant differences between 
experimental groups. Data were plotted as the mean ± SEM.

RESULTS

Partial-Thickness Rat Scald Burn Model 
Development
Figure 2 shows a scatter plot of the pathologists’ assessment of 
the tissue damage with regards to exposure time to near-boil-
ing water. The samples evaluated by the pathologists included 
sham burned skin (n = 6), 2 seconds (n = 5), 3 seconds 
(n = 12), 5 seconds (n = 5), and 6 seconds (n = 14) burned 
skin. Supplementary Figure 1 shows representative photomi-
crographs of the H&E-stained tissue sections exposed to near-
boiling water for varying times (0–6 seconds). Normal skin 
(sham burn) is shown in Supplementary Figure 1A–C. A 2-sec-
ond exposure time resulted primarily in superficial to partial-
thickness burn injury (Supplementary Figure 1D and E).  
Increasing exposure time to 3 seconds resulted in consistent 
deep partial-thickness burn wounds (Supplementary Figure 1F 
and G). Exposure to near-boiling water for 6 seconds resulted in 
a consistent full-thickness burn wounds, without damaging the 
underlying skeletal muscle (Supplementary Figure 1H and I).  
An additional study with three rats, lasting through POD 21, 
confirmed the full-thickness burn exposure time of 6 seconds 
by the lack of hair regrowth within the burn region.

Figure 2. Pathologist assessment of tissue damage score (1–4) versus skin exposure time to near-boiling (99°C) water for 0 second (sham burn, 
n = 6), 2 seconds (n = 6), 3 seconds (n = 12), 5 seconds (n = 5), and 6 seconds (n = 14).

http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
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In addition to standard H&E staining, tissue sections were 
stained using the Click-iT Plus TUNEL Assay kit to visual-
ize damaged DNA in necrotic cells. The damaged DNA was 
labeled with an Alexa Fluor 594 dye and DAPI used as a 
nuclear counterstain. Figure 3 shows representative tissue sec-
tions from 2-, 3-, 5-, and 6-second exposure to near-boiling 
water. Increasing the burn time resulted in greater DNA dam-
age deeper in the skin, as indicated by TUNEL labeling.

P. aeruginosa Burn Infection
We used the newly modified Walker–Mason scald burn model 
to characterize the kinetics of a sublethal P. aeruginosa infec-
tion in partial-thickness burn injury. Overall, the rats tolerated 
the burn and infection well with limited weight loss. Figure 4 
shows representative gross images of the burn wound desig-
nated by inoculum group and POD. Little visual difference 
was observed on POD 1 between any of the groups. By POD 
3, the burned area was clearly delineated from the adjacent 
skin. Additionally, a majority of the P. aeruginosa-inoculated 
wounds began to show exudate on the wound’s surface in 
comparison to the un-inoculated group. During the tissue 
harvest on POD 7, all the P. aeruginosa-inoculated wounds 
showed maceration of the eschar surface and edema in the 
tissue underneath. By POD 11, the infection and massive 

host response to the wound infection caused separation of 
the burn eschar from the underlying muscle tissue in several 
of the 1 × 104 and 1 × 105 CFU/inoculum wound groups. 
Comparatively, the 1 × 103 CFU/inoculum showed signs of 
infection, but tissue separation was not observed. The un-
inoculated burn wounds appeared much healthier with little 
to no tissue separation and edema.

P. aeruginosa CFU counts, as plated on P. aeruginosa isola-
tion agar, are shown in Figure 5A and was not recovered from 
any control wound. A clear dose effect in regard to inoculum 
level was observed at PODs 1 and 3, but by PODs 7 and 
11, all P. aeruginosa CFU counts were equivalent at approxi-
mately 1 × 108 CFU/g burn tissue. When the wound homog-
enates were plated on non-selective nutrient blood agar, 
bacterial growth of Pseudomonas and non-Pseudomonas could 
be observed in every group as shown in Figure 5B. The total 
CFU counts in the P.  aeruginosa-inoculated burn wounds 
mirrored the results seen from the selective agar. However, 
the un-inoculated burn wounds showed as high of a bacterial 
load as the others, albeit slightly less at PODs 1 and 3. Many 
of the microorganisms contaminating the un-inoculated burn 
wounds appeared to be part of the normal skin flora consisting 
of many gram-positive species (ie, Staphylococcus sciuri) and 
also included at least one Proteus species as determined using 

Figure 3. Representative histological sections of burn tissue from 2-, 3-, 5-, and 6-second scald times stained with TUNEL to visualize the depth 
of the burn by the fluorescently tagged damaged DNA strands. The two-headed arrow shows the distance from the epidermidis to the panniculus 
carnosus. The dashed white line shows the interface of the dermis and panniculus carnosus. The yellow dotted line indicates the deepest location 
of the TUNEL labeling visible in the dermis. The scale bar is 800 µm. DAPI, 4ʹ,6-diamidino-2-phenylindole; TUNEL, terminal deoxnucleotidyl 
transferase dUTP nick-end labeling.
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a GEN III OmniLog® Combo System (Biolog, Inc. Hayward, 
CA) (data not shown).

PCR amplification of bacterial DNA using P. aeruginosa-
specific and universal primers mirrored the CFU counts as 
shown in Figure 5C and D, respectively. Unfortunately, 2 of 
12 un-inoculated biopsy punch samples were contaminated 
during the processing of the tissue, which led to positive PCR 
results in the P. aeruginosa-specific primer data set on PODs 
7 and 11 for the un-inoculated samples. P. aeruginosa domi-
nated the partial-thickness burn wound as the primary micro-
organism by POD 3, comprising 80–100% of the bacterial 
species within the wound as shown in Figure 5E. No signif-
icant differences in P. aeruginosa percentage of total wound 
bacterial cells, comprising >95% of the total, were observed 
between bacterial inoculation groups on PODs 7 and 11.

Expression of P.  aeruginosa biofilm matrix components, 
alg8 and algE, and iron acquisition gene, pvdS, over the 
11 days following the burn is shown in Figure 6. Regardless 
of infection level, alginate biosynthesis gene alg8 was upregu-
lated 10–15× more than the planktonic inoculum on POD 
1. After POD 3, the expression dropped, but still remained 
5–10× higher than the inoculum. Conversely, algE was 
consistently upregulated 4–6× above the level of the plank-
tonic cells on all PODs. Expression of pvdS was significantly 
upregulated compared to the planktonic inoculum at all-time 
points. The lowest inoculum had pvdS expression levels reach-
ing 200× the planktonic cells between PODs 3 and 11. The 
pvdS expression levels of the 104 and 105 CFU/wound inocu-
lums were upregulated ~40× more than the inoculum.

Surface imaging of the P. aeruginosa-infected burn eschar 
revealed communities of bacterial cells buried in a layer of 
extracellular debris as seen in Figure  7A. Examination of 
wound cross-sections revealed penetration of P.  aeruginosa 

deep (500–600 µm) into the eschar layer of the burn wound, 
perhaps through at least the zone of coagulation and possibly 
zone of stasis as seen in Figure 7B. Penetration into the eschar 
by P. aeruginosa was confirmed using PNA-FISH with probes 
specific for P. aeruginosa as shown in Supplementary Figure 2.

We stained histological sections with H&E to visualize the 
tissue damage from the burn and resulting immune response 
to the burn and infection. Figure  8A shows representative 
micrographs of un-inoculated and 105 CFU/wound groups 
over 11  days. Compared to controls, a massive immune 
response was seen in the P. aeruginosa-infected burn by POD 
3 and later time points. Systemic neutrophil counts shown in 
Figure 8B correlated with the increased influx of inflammatory 
cells observed in the tissue sections. As shown in Figure 8C, 
significantly increased MPO activity, a commonly used marker 
of neutrophil activity, was detected in P. aeruginosa-infected 
wound tissue compared to controls by POD 11.

DISCUSSION

P.  aeruginosa is one of the greatest microbiological barri-
ers to healing in burn care. Previous research, conducted 
at the USAISR, focused exclusively on improving survival 
upon infection of full-thickness burn wounds with P. aer-
uginosa.38,54–56 Results of this work led to the current 
“gold standard” prophylaxis treatment for infection con-
trol in burn injuries, namely mafenide acetate and silver 
sulfadiazine.39,45,46 As such, the clinical mortality associated 
with invasive P.  aeruginosa burn wound infection rapidly 
declined.36 However, contamination of the burn wound 
with P.  aeruginosa or other opportunistic pathogens may 
still occur in circumstances where treatment is delayed, such 
as during evacuation from the battlefield and transport to 

Figure 4. Representative images of partial-thickness burn wounds inoculated with or without P. aeruginosa over the course of 11 days post-burn. 
P. aeruginosa-infected burns showed presence of wound exudate by post-operative day (POD) 3 compared to little or none seen in the controls. 
By POD 7, wound discoloration and necrosis due to P. aeruginosa infection were clearly seen in the inoculated samples.

http://academic.oup.com/jbcr/article-lookup/doi/10.1093/jbcr/iry043#supplementary-data
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higher echelons of medical care.45,57,58 The literature shows 
that delaying application of mafenide acetate cream by only 
48–72 hours after full-thickness burn and infection with 
P.  aeruginosa in rats resulted in 12–40% mortality; and 
delaying treatment up to 96 hours resulted in 100% mor-
tality within 9 days.39 This suggests that resistance to the 
antimicrobial treatment, specifically after a 48–96-hour 
treatment delay, could be a deciding factor in burn infec-
tion-related mortality. Because Pseudomonas readily forms 
biofilms on both biotic and abiotic surfaces within hours, it 
is conceivable that Pseudomonas could form biofilms within 
the burn eschar. These biofilms may potentially withstand 
the debridement process and act as a nidus for sustained 

wound infection and graft failure.41 While, Pseudomonas 
biofilms are commonly found in chronic non-healing skin 
wounds,28,31,59 biofilm formation by P.  aeruginosa has 
not been documented in the clinically accepted rat scald 
burn model.

To test our hypothesis that P. aeruginosa forms biofilms in 
partial-thickness burn wounds, we used the Walker–Mason 
rat scald burn model, originally developed at USAISR. When 
this model was originally developed, the end-point analysis 
focused on survival. Specifically, 1 × 106–1 × 108 P. aeruginosa 
cells were flooded over the burn wound and time until death 
with or without antimicrobial treatment measured. Early 
work also showed that P.  aeruginosa invaded full-thickness 

Figure 5. Bacterial counts recovered from infected partial-thickness burn tissue over 11 days post-burn. P. aeruginosa (A) and total CFU counts 
(B) recovered as determined by serial dilution and plating on either P. aeruginosa isolation agar or Trypticase soy agar containing 5% sheep's blood, 
respectively. C. Total P. aeruginosa (live and dead) counts as determined by P. aeruginosa-specific primers. D. Total CFU counts as determined by 
general gram-negative primers. E. Percentage of total gram-negative bacterial load in the burn tissue that is P. aeruginosa. As time post-infection 
increased, P. aeruginosa accounted for a greater number of total bacterial cells isolated from wound tissue. P. aeruginosa eventually dominated as 
the primary wound pathogen. Burns without P. aeruginosa inoculation also became colonized with bacterial cells to the same level as the inoculated 
groups, but had greater diversity of gram-negative and positive cells. PA, P. aeruginosa.
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Figure 6. Expression of biofilm matrix (alg8 and algE) and iron acquisition (pvdS) genes. Alg8, algE, and pvdS were significantly elevated in the 
P. aeruginosa-infected burn tissue as compared to the planktonic inoculum suggesting formation of mature P. aeruginosa biofilms within the burn 
wound. (***p < .001; **p < .01, unpaired Student’s t test). POD, post-operative day.

Figure 7. Scanning electron microscopy (SEM) of P. aeruginosa-infected burn tissue. A. Representative SEM images of the surface partial-thick-
ness burn wounds infected with P. aeruginosa. Bacterial cells are pseudo-colored green for easier viewing. B. Representative SEM images of histo-
logical cross-sections of partial-thickness burn wound infected with P. aeruginosa. The bacterial cells penetrate deep (500–600 µm) into the eschar.
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Figure 8. Histological examination of P. aeruginosa-infected burn tissue. A. Representative hematoxylin–eosin stain tissue sections from un-
inoculated and P. aeruginosa (105 CFU/wound) inoculated partial-thickness burn wounds over 11 days following the burn. Compared to the un-
inoculated, a large number of inflammatory cells (purple features) infiltrated into the burn eschar in the P. aeruginosa-infected wounds. B. Systemic 
neutrophil cell counts, prior to euthanasia obtained via cardiac puncture. Neutrophil counts showed increasing trends with P. aeruginosa burn 
surface inoculation with significant increases detected on post-operative day (POD) 11 between the highest inoculum level and un-inoculated 
animals (***p < .005, two-way analysis of variance [ANOVA]). C. Myeloperoxidase activity of P. aeruginosa-infected deep partial-thickness burn 
tissue compared to controls. Significant increases in myeloperoxidase activity were detected on POD 11 in the P. aeruginosa-infected animals,  
(*p < .05; ***p < .0005, two-way ANOVA).
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35-cm2 burn wounds within 9 hours of surface inoculation 
and obtained a growth plateau of 1 × 108 CFU/g of burn tis-
sue within 8 days post-infection.60

Instead of survival, we characterized the kinetics of a sub-
lethal P. aeruginosa infection that resulted in biofilm forma-
tion within the burn wound. Regardless of inoculum size, 
robust infections developed plateauing at approximately 
1  ×  108 CFU/g of burn tissue, thereby recapitulating the 
bacterial load observed previously, albeit with higher inocu-
lums. Visual appearance of the wound consistently replicated 
clinical observations of P.  aeruginosa burn infections show-
ing areas of necrosis, edema, and maceration.43,55,61,62 While 
the non-inoculated burns became contaminated, presuma-
bly with the native microflora, the P.  aeruginosa-inoculated 
wounds primarily contained only the pathogen of interest, 
accounting for 80–100% of the total bacterial load recovered. 
Similar observations of P. aeruginosa’s dominance of micro-
bial communities have been previously reported in a number 
of mixed-species infections both in vitro and in vivo.63–67 This 
phenomenon only helps underscore the importance of effec-
tive burn care to prevent or limit the growth of P. aeruginosa.

Our hypothesis that P.  aeruginosa forms biofilms within 
partial-thickness burn wounds was confirmed via qRT–PCR. 
Important P. aeruginosa biofilm genes alg8, algE, and pvdS 
were highly upregulated in bacterial cells obtained from burn 
tissue. Both alg8, a glycosyl transferase, and algE, an export 
protein, associated with alginate biosynthesis are hallmarks 
of mature P. aeruginosa biofilms. Alginate along with other 
polysaccharides such as psl, pel, and DNA comprise structural 
matrix components of mature P.  aeruginosa biofilms.30,68–70 
Likewise, pyoverdine synthesis gene pvdS, which sequesters 
iron, was also highly upregulated in bacterial cells recovered 
from burn tissue. Iron is a critical nutrient for P. aeruginosa 
biofilm formation, both in vitro and in vivo.71–73 Pyoverdine, 
an essential virulence factor, liberates bound iron from the 
local microenvironment (eg, hemoglobin), thereby making it 
available to bacterial cells.74,75 These significant increases in 
gene expression of markers associated with P. aeruginosa viru-
lence and biofilm formation confirmed that the bacterial cells 
were establishing biofilms within the wound.

Visualization of dense bacterial growth enmeshed within 
thick extracellular matrices covering the surface of the wound 
by SEM also helped confirm the biofilm nature of the wound 
infection. Whether the matrix material was derived solely from 
host or bacterial cells, or a mixture of both, has yet to be deter-
mined. Presumptively, the material is a combination of both 
wound exudate (eg, albumin, denatured collagen, etc.) and 
P.  aeruginosa-derived polysaccharides such as alginate and 
extracellular nucleic acids. The morphological appearance of 
the bacterial cells on the wound bed closely resembles bacte-
rial biofilms found within chronic skin wounds reported by 
other research groups.31 Additionally, P. aeruginosa penetrated 
into the burn eschar to at least the layer of undamaged dermal 
collagen (500–600 µm). In the cross-sections of the infected 
burn wounds, P.  aeruginosa was closely associated with the 
denatured collagen fibers, caused by the thermal injury, and 
in some cases forming what appeared to be micro-colonies, 
another classical feature of P.  aeruginosa biofilm formation. 
Visualization of P. aeruginosa with PNA-FISH showed dense 
localization surrounding the hair follicles. This reconfirms 

earlier work in full-thickness burn wounds regarding penetra-
tion of the P. aeruginosa into the burn wound via hair shafts 
and localizing around the hair follicles.60 These hallmarks of 
Pseudomonas biofilm formation coupled with their location 
deep beneath the surface of the burn may explain, in part, 
the decreased effectiveness of mafenide acetate cream upon a 
48-hour treatment delay. This deep localization of P. aerugi-
nosa within the eschar may also exacerbate the progression of 
partial-thickness burn wounds to full-thickness tissue dam-
age. P. aeruginosa expresses several proteases including colla-
genase, which may contribute to its ability to invade burned 
skin.76 Furthermore, the biofilm infection induced a noticea-
ble inflammatory response characterized by both the systemic 
increase in circulating neutrophils and elevated activity of 
MPO in the local P. aeruginosa-infected burn skin suggesting 
that the inflammatory cells observed in the H&E-stained tissue 
sections were largely neutrophils. Additional work is ongoing 
to characterize the host response to P. aeruginosa biofilm for-
mation in the context of deep partial-thickness burn wounds.

In this study, we characterized the kinetics of a sublethal infec-
tion of P. aeruginosa in deep partial-thickness burn wounds using 
Sprague-Dawley rats. Our results confirmed the development 
of a robust infection upon application of at least 1000 CFU of 
P. aeruginosa over the 10% TBSA burn area. The infection was 
well tolerated in this model with no premature deaths due to the 
underlying burn wound infection or invasive P. aeruginosa infec-
tion. We observed formation of P. aeruginosa biofilms within 
the burn eschar using both SEM and RT–qPCR. This new in 
vivo burn wound biofilm infection model in Sprague-Dawley 
rats allows for testing novel anti-biofilm treatments in a clinically 
relevant and accepted scald burn animal model.

SUPPLEMENTARY DATA

Supplementary data is available at Journal of Burn Care & 
Research online.
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