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Introduction

A biofilm is a three-dimensional well-structured community

of microorganisms encapsulated within a self-developed

polymeric matrix that adheres irreversibly to host tissue or

an implanted device [5]. The treatment of catheter-related

biofilm infections is very difficult, because biofilm is highly

tolerant to antimicrobial therapy and requires to replace

infected foreign body material for cure [9]. To study

catheter-related biofilm infections and evaluate the

antimicrobial efficacy of antibiotics against biofilms, several

animal models using subcutaneously implanted or vascular

catheters have been successfully established. However,

previous approaches could not achieve real-time monitoring

of the biofilm and integrate both microbial and host

contribution into the development of biofilm infections, but

required the use of many animals [13, 15].

Bioluminescence imaging (BLI) is a new powerful

method to analyze infectious diseases in animal models

and microbial viability. It is characterized by high sensitivity,

ease of use, non-invasion, quantitative monitoring of

infection, and less number of animals. Chauhan et al. [3]

have developed a long-term biofilm infection model for

some clinically relevant pathogens, such as Escherichia

coli, Pseudomonas aeruginosa (P. aeruginosa), Staphylococcus

aureus, and Staphylococcus epidermidis. They implanted a

pediatric totally implantable venous access port with

clinically relevant biofilms into adult rats and real-time

monitored the biofilm development in vivo by using non-

invasive and quantitative bioluminescence. Vande Velde

et al. [16] demonstrated that it is feasible to monitor and

quantitate Candida albicans biofilm formation from the

yeast-to-hyphae state in vitro and in vivo by using a

subcutaneous catheter rodent model for growth-phase-

dependent bioluminescent Candida albicans strains. However,

the experiments for monitoring the time-course of biofilm

growth in vitro and in vivo and studying the statistical

correlation between integrated brightness (IB) and viable

bacterial count (VBC) have rarely been investigated.

Therefore, in the present study, we real-time monitored
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This study was done to establish a mouse model for catheter-related biofilm infection suitable

to bioluminescence imaging (BLI). Biofilm formation of Pseudomonas aeruginosa (P. aeruginosa)

Xen5 grown on catheter disks in vitro and in an implanted mouse model was real-time

monitored during a 7-day study period using BLI. The numbers of integrated brightness (IB)

and viable bacterial count (VBC) in the biofilm disks in vitro were highest at 24 h after

inoculation; the IB of biofilm in vivo was increased until 24 h after implantation. A statistical

correlation was observed between IB and VBC in vitro by linear regression analysis. The actual

VBC value in vivo can be estimated accurately by IB without sacrifice. In addition, we monitored

the change in white blood cells (WBCs) during infection. The number of WBCs on day 7 was

significantly higher in the infection group than in the control group. This study indicates that

BLI is a simple, fast, and sensitive method to measure catheter biofilm infection in mice.
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biofilm development in vitro and in vivo using BLI and

investigated the statistical correlation between IB and VBC.

This study would contribute to a better understanding of

catheter-related infections and provide a potential animal

model to study biofilm therapies.

Materials and Methods

Biofilm Preparation and VBC Assay

Pseudomonas aeruginosa Xen5 (Caliper Life Science, PerkinElmer,

Waltham, MA, USA) was derived from the parental strain

P. aeruginosa ATCC 19660, a mucoid clinical strain isolated from

human septicemia in Lima, Peru. P. aeruginosa Xen5 was engineered

through conjugation and transposition of a plasmid carrying

transposon Tn5 luxCDABE. P. aeruginosa Xen5 possesses a single

stable copy of the P. luminescens lux operon on the bacterial

chromosome. P. aeruginosa Xen5 biofilm was grown on catheter

disks (r = 0.35 cm). The catheter disks were placed into 24-well

plates (one disk in each well) and cultured in 2 ml of Muller-

Hinton (MH) Broth (BD Difco, Franklin Lakes, NJ, USA). Then 100 µl

of P. aeruginosa Xen5 suspension at 0.5 McFarland was inoculated

into each well and cultured at 37°C for 6 h, and 1-7 d [14]. At each

time point, six disks were randomly selected and rinsed with

physiological saline to remove planktonic bacteria. The adherent

bacteria were collected from disks by using an ultrasonic cleaning

bath in 10 min. The bacteria solution was vigorously mixed and

plated on MH agar plates at dilutions of 10-1, 10-2, 10-3, 10-4, and 10-5

for 16-24 h. The colony number on the plates was counted. The

colony number between 30 and 300 per plate was considered an

appropriate result, which was used for further experiments.

In Vivo Biofilm Infected Model and Study Design

Experiments were approved by the Institutional Animal Care

and Use Committee of Academy of Military Medical Sciences (No.

AMMS-08-2014-001). Eighteen Kunming male mice, weighing 25-

30 g, were acclimatized to a 12 h day/night cycle for 3 days prior

to use and randomly assigned into two groups. All mice were

intraperitoneally anesthetized with 0.01 ml/g 4% chloral hydrate.

In the infection group (n = 9), the disk from P. aeruginosa Xen5

inoculation for 1 day was rinsed with sterile physiological saline

solution and implanted at the dorsal midline as previously

described [4], whereas in the control group, the bacteria-free disk

was implanted into uninfected naive mice (n = 9). After 7 days, the

implanted disks in the two groups were taken out to examine the

VBC of the biofilms.

Bioluminescence Imaging of Biofilms

To develop biofilms in vitro, P. aeruginosa Xen5 was grown on

catheter disks 24-well plates for 6 h, and 1-7 d. The process of

infection was monitored daily to detect IB emission. The exposure

time was about 30 sec. At each time point, six disks were randomly

selected and transferred to a sterile plate (one disk per plate). The

IB of bioluminescence was measured using a NightOWLIILB 983

imaging system (Berthod Technologies, Bad Wildbad, Germany)

and analyzed with IndoGO software (Caliper Life Science). The

statistical correlation between VBC and IB was accessed by linear

regression analysis [19]. To measure the IB in vivo, the mice in both

groups were anesthetized using 4% chloral hydrate and then

transferred into the machine to monitor. The color bar indicates

the signal intensity, in which red and blue colors represent the

high and low bioluminescent signals, respectively [2].

Assay of WBCs, Rectal Temperature, and Body Weight

Blood (20 µl) was drawn from the tail vein of each mouse before

implanting and at 1, 3, 5, and 7 d after implanting. WBCs were

examined using an animal blood analytical instrument (Mindray

BC-2800Vet, Shenzhen, China). The data are presented as the

mean ± standard error of the mean (SEM) (n = 9). The rectal

temperature and body weight of all mice were measured every

morning after implanting. The data are presented as the mean ±

standard deviation (SD) (n = 9).

Statistical Analysis

The linear regression for the statistical correlation between VBC

and IB was performed, and R2 and two-tailed p values were

reported. p < 0.05 was considered statistically significant.

Results

In Vitro Biofilm Formation of P. aeruginosa Xen5 on Catheter

P. aeruginosa is one of the most frequently found

Fig. 1. Bioluminescence imaging (BLI) of P. aeruginosa Xen5 biofilm in vitro. 

Biofilm formation of P. aeruginosa Xen5 on catheter disks was monitored by BLI at 6 h, 12 h, and 1-7 d at 37°C. Images were displayed in colors:

red color represents the most intense light emission, while blue color corresponds to the weakest signal.
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pathogens in catheterized patients. We chose it to establish

a mouse model of biofilm infection. Biofilms of P. aeruginosa

Xen5 were observed on catheter disks after inoculation for

6 h, 12 h, and 1-7 d at 37°C in vitro, which correlated with

the results of BLI (Fig. 1). The signal strength in the images

was highest on day 1. Therefore, according to the results of

signal strength and VBC in vitro, catheter disks inoculated

for 1 day were used for in vivo experiment.

In Vivo Biofilm Formation of P. aeruginosa Xen5 on Catheter

To investigate in vivo biofilm formation of P. aeruginosa,

we implanted inoculated catheter disks into the dorsal

midline of mice and monitored the IB of the biofilms every

day. We observed that the bioluminescent signal was

highest at 24 h after implanted, and the strength and area

were gradually reduced with the prolongation of

implantation. No signal was observed in the control group

(Fig. 2A). Moreover, the rectal temperature in the infection

group was significantly higher than that in the control

group (Fig. 2B). The weight of control mice was slightly,

but not significantly, higher than that of infected mice

(Fig. 2C).

Statistical Correlation Between IB and VBC In Vitro and

In Vivo

Real-time monitoring of the IB of biofilm development in

vitro and in vivo was performed over a 7-day period, and

the VBC of biofilms at 6 h, and 1-7 d was also examined.

We found that the VBC was highest on day 1 (Fig. 3A). The

IB of biofilm disks from the in vitro study strongly

correlated with the VBC on these disks (Y = 0.750X + 1.648,

R2 = 0.631) (Fig. 3B). The VBC in the biofilm was examined

on day 7. We found that the number of VBC in the infected

catheter disks on day 7 of implantation was quite close to

the estimated number according to the formula of linear

regression from the in vitro study (p > 0.05) (Fig. 3C).

Assay of WBCs

To verify the infection diagnosis, the number of WBCs

was examined. The number of WBCs was gradually

increased in the infection group in the 7-day study period,

and in the control group only from day 0 to day 5 but

restored to normal after day 5. There was no significant

difference in the number of WBCs from day 0 to day 5

between the two groups, while the number of WBCs in the

Fig. 2. Effects of P. aeruginosa Xen5 biofilm infections on rectal temperature and weight of mice. 

(A) Real-time monitoring of P. aeruginosa Xen5 catheter biofilm infections in mouse model. Each mouse was implanted with one biofilm disk in the

infected group. In the control group, uninfected naive mice were implanted with bacteria-free disks in the dorsal midline. We examined the

bioluminescence signal over a 7-day period using a NightOWL II983 imaging system. As shown in the images, bioluminescence signals were

observed in the dorsal midline region of mice. The color bar indicates the signal intensity, and red and blue colors represent high and low

bioluminescent signals, respectively. (B) Measurement of the rectal temperature in mice (n = 9) was conducted in the morning of 1-7 d. Change in

temperature between the two groups was statistically different on day 2 after infection. *p < 0.05, uninfected group compared with infected group.

(C) Measurement of mice weight (n = 9) was conducted in the morning of 1-7 d.
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infection group was significantly higher on day 7 than that

in the control group (p < 0.05) (Fig. 4).

Discussion

Nowadays, it is still a big challenge in preventing and

treating biofilm-related infections owing to the lack of

effective approaches. In animal models, low efficiency and

high cost are the biggest issues in testing biofilm-related

infections because it takes a long time to culture bacteria on

agar plates and needs to sacrifice many animals to verify

the results. BLI is a highly sensitive and quantitative

method, and has been used for the rapid screening of

bacteria in mice [16]. Here, we demonstrated that BLI can

be used as a noninvasive approach to visualize and

quantify the biofilm infection from P. aeruginosa Xen5.

Bioluminescent bacteria have previously been used as an

infection model for in vivo study [1, 17]. In this study, we

implanted catheter disks inoculated with P. aeruginosa

Xen5 into normal mice and monitored the biofilm

formation and change of WBCs. Here, we observed that the

strength and area on the catheter disks in Fig. 1 were

reduced but the VBC was stable in vitro. This observation

confirmed that bioluminescence was specifically emitted

from the infected catheter, and bacterial cells remain in the

local region and did not cause systemic infection through

the blood. Decreasing signals may be due to the decrease in

bacterial activity and insufficient oxygen supply. Because

luciferases are oxygenases, anaerobic environment may

limit the use of BLI. A study reported that the bioluminescent

signal of Salmonella in the abdominal region was greatly

enhanced after air exposure [8]. Moreover, Hoiby et al. [10]

revealed that the oxygen concentration is high on the

surface of biofilms but low in the center of the biofilms.

Thus, the anaerobic condition limits luciferases expression

and bacterial activity [6]. The IB value of the biofilms from

Fig. 3. Monitoring of in vitro and in vivo IB changes of

P. aeruginosa Xen5 biofilms. 

BLI showed a statistical correlation between IB and VBC in vitro, and

IB could be used to calculate VBC in vivo by the liner regression

formula without mice sacrifice. (A) Growth and bioluminescence

curve of P. aeruginosa Xen5 biofilm development in vitro and in vivo.

Each mouse was implanted with one disk with biofilm in the dorsal

midline. Viable bacterial counts (VBC) of P. aeruginosa Xen5 biofilms

were measured by agar plate counting at 0 h, 6 h, 12 h, 1-7 d and

reported as CFU per ml. Bioluminescence was quantified as integrated

brightness (IB) by using the NightOWL II983 imaging system and its

software. Real-time bioluminescence monitoring of each catheter

biofilm in vitro was performed at 0 h, 6 h, 12 h, 1-7 d and in vivo at

1-7 d. IB was compared with VBC at corresponding time points, and

the data were presented as the mean ± standard deviation (SD) from

six catheters in vitro and nine mice in vivo. (B) The statistical

correlation between IB and VBC was analyzed by linear regression.

(C) Monitoring of P. aeruginosa Xen5 catheter biofilm disks in vivo at

7 d after implantation was carried out by bioluminescence and agar

plate counting. Simulation: catheter biofilm disks at 7 d in vivo was

monitored by using bioluminescence and quantified as IB. VBC was

calculated by the linear regression formula of IB and VBC in vitro,

Y = 0.750X + 1.648. R2 = 0.631. Experiment: catheter biofilm disks in

vivo at 7 d were washed to remove planktonic bacteria, and VBC on

biofilm disks was measured by agar plate counting. The results of

simulation and experiment are presented as the mean ± SD (n = 9).

p = 0.93, simulation compared with experiment. The assay of IB and

VBC was repeated three times for each mouse.

Fig. 4. Changes in WBCs in uninfected and infected mice. 

Data are presented as the mean ± standard error of the mean (SEM)

(n = 9). The assay of WBC was repeated three times for each mouse.

WBC counts in two groups increased at 1 d and were statistically

different at 7 d after infection. *p < 0.05, uninfected group compared

with infected group.
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day 1 of implantation was lower than that from in vitro

inoculation on day 1. This difference may be caused by

tissue absorption. Hemoglobin can absorb the blue and

green part of the visible spectra, whereas red light can

penetrate several centimeters of tissue [1]. In vivo, IB values

continued to decrease from day 1 to the end of the study,

but IB values from the in vitro study stabilized at the later

stage of infection and were higher than those from the in

vivo study over the post-infection period. We speculate that

the immune system of mice may play a role in this point.

To explore the feasibility that IB can reflect bacterial

burden instead of VBC in vivo, we examined the statistical

correlation between IB and VBC and observed a significant

correlation in vitro. According to the formula of linear

regression, we also found that the actual number of VBC in

the infected catheter disks at day 7 of implantation was

very close to the estimated number according to the

formula of linear regression from the in vitro study. This

result implies that the biofilm infection mice model is

successful, and the host immune system is not able to clear

biofilm infection, which supports the fact that catheter

biofilm infections are latent and very difficult to clear in

vivo. Therefore, in addition to VBC and electron microscopy,

bioluminescence can accurately examine the level of

bacterial colonization of the catheter biofilm disks and

monitor the distribution and temporal patterns of biofilms

without animal sacrifice.

The intensity and area of the biofilm signals were reduced

in the in vivo imaging. The VBC on day 7 in vivo and the

gradually increased WBCs suggest that the host immune

system is not able to clear the biofilm, although it can

control biofilm infection. Because WBCs showed significant

difference on day 7 between in vitro and in vivo, it can be

used as an infection model for long-time diagnosis,

although the surgery might cause the risk of short-time

infection to mice. The biological and physicochemical

features of the biofilm structure protect the bacterium from

environmental adversities and immune evasion, avoiding

complement immunity and phagocytosis [18]. Bacteria

within the biofilm produce endotoxins, which may in turn

elicit immune responses. Disks with mature biofilm were

planted in mice in a study, and biofilm barrier endotoxin

release induced weaker host responses [7]. Thus the WBCs

increased slightly in the early infection. As biofilm growth,

detached individual bacteria from biofilm can obtain enough

oxygen and nutrients growth rapidly [11, 12]. Without the

prevention of biofilm, endotoxin released from planktonic

bacteria would induce rapidly increase of WBCs. However,

we need a rapid method to detect the early phase of

infection, like procalcitonin or C-reactive protein.

In conclusion, we have demonstrated that P. aeruginosa

Xen5 can be visualized by noninvasive imaging in live mice

during biofilm infection; this technique can be used to

rapidly visualize and quantify biofilm infection. The model

could be a fast and reliable method to evaluate the therapy

efficacy for biofilm-related infections. 
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