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Purpose: The aim of this study was to investigate a new method of in situ biofilm treatment

for infected prostheses that remove bacterial biofilm and prevent reinfection through the use

of an immobilizing agent in combination with the actions of biofilm-lysing enzymes and

bactericidal antimicrobials.

Methods: We investigated the combination of self-immobilization chemistry of dopamine with

a biofilm-lysing enzyme, α-amylase (Am), and an antimicrobial agent, silver nitrate (Ag), to treat

model Staphylococcus aureus (S. aureus) biofilms formed on titanium. The efficacy of biofilm

removal and bacterial treatment was analyzed by crystal violet, colony-forming unit assays,

confocal laser scanning microscopy, and scanning electron microscopy (SEM). To confirm the

in situ coating of the titanium surface with antimicrobial Ag as a strategy to prevent bacterial

recolonization, SEM in secondary electron mode (SE), backscatter electron mode, (BSE) and

energy-dispersive spectroscopy (EDX) were used. The antimicrobial activity of the coated

surface was evaluated by optical density measurement and colony-forming unit assays.

Results: Polydopamine (PDA)-assisted treatment showed approximately a 2 log reduction in

recoverable CFU and a 15% increase in biofilm removal efficacy compared to treatments that

had only Am or Ag. More importantly, PDA-assisted treatment was found to immobilize Ag

on the surface after the treatment, rendering them resistant to bacterial recolonization.

Conclusion: Our in vitro findings suggested that this PDA-assisted treatment and the

surface immobilization-enhanced treatment concept could be promising in the development

of advanced treatment for implant retention surgery for an infected prosthesis.
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Introduction
There is a significant research interest in developing novel therapies for periprosthetic

joint infection to improve surgery outcomes. Surgical options for this condition such as

in infected total knee arthroplasty can be broadly divided into i) single- or two-stage

implant exchange surgery and ii) implant retention surgery.1–4 The former is highly

invasive and results in significantly reduced mobility.5 In addition, if the prosthesis was

used with bone cement, its removal can cause significant damage to the host bone and

could lead to further complications. Hence, for a certain population of patients such as

in acute infection cases, it is sometimes recommended to perform implant retention

surgery which is much less invasive.6,7

Commonly recommended for acute infections (up to 3 months after initial

arthroplasty with ongoing symptoms of joint infection under 3 weeks), implant
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retention surgery involves extensive debridement to

remove bacteria and bacterial biofilms on the implant

and surrounding tissue while the implant is retained.6–10

The patients are then often treated with local or systemic

antibiotics for an extended period (up to 8 weeks). Usually

known as debridement, antibiotics and implant retention

(DAIR) surgery, the procedure’s success rate is often

reported between 60% and 80% and is recognized as

strongly dependent on removal efficacy of the strongly

adhered bacterial biofilm from implant’s surface and deac-

tivation of associated bacteria.11–13 Hence, the success

rates have been found to vary significantly depending on

multiple factors such as the duration of infection, infec-

tious organism, patient conditions and can be as low as 9%

in certain cases.6,7,9,10,14 The treatment is even much less

effective and generally not recommended for more chronic

infections.6,14–17

Different methods have been developed to enhance the

efficacy of in situ biofilm removal and prevent reinfection

with limited success due to multiple factors, for example the

treatment needs to take place in situ; in other words, the

methods to destroy biofilm and deliver antimicrobials need

to be appropriate for intraoperative use.18,19 Another important

factor is that current approaches often overlook the importance

of making the implant resistant to reinfection.20–26 Since bac-

terial recolonization of the retained implant can lead to recur-

rent infection, it is important that the implant surface becomes

resistant to such an event through, for example, antimicrobial

coatings. This preventive measure is particularly important for

implant retention surgeries as it has been suggested that in

certain patient populations, a lifelong antibiotic suppression

regime might be necessary to prevent infection recurrence.10

In this context, we aimed to develop a new method to

eradicate the established biofilms and associated bacteria on

implants in situ and at the same time, coating the implant

surface with antimicrobial to prevent reinfection. In our

design, to eradicate established bacterial biofilms and asso-

ciated bacteria, we chose to use a biofilm-destroying enzyme

α-amylase (Am)27–32 and antimicrobial silver (Ag).33–35 This

enzyme has been extensively investigated for treating estab-

lished biofilm. Similarly, antimicrobial Ag and Ag nanopar-

ticles have also been extensively studied and demonstrated

broad antimicrobial activities.36,37

Combination of enzymatic treatment and antimicrobial

has been reported before; yet in this current study, we

developed a new concept of immobilization-enhanced

treatment and exploited the versatile polymerization and

surface self-immobilization chemistry of dopamine.38–41

Dopamine has been widely used as an oxidation-induced

polymerization and self-immobilizing agent for coating

a nanometer-thick polydopamine (PDA) layer at slightly

alkaline pH (approximately 8.5) on a range of substrate

chemistries including metals, ceramics, and polymers.42

Importantly, the PDA layers were shown to be able to

sequester metal ions from a solution and reduce them

into immobilized submicron-/nano-particles.39,43–45 In

this concept, the surface self-immobilization of PDA is

exploited to not only enhance the biofilm removal and

bacterial killing efficacy of Am and Ag but also concur-

rently immobilize Ag on the surface of implants in situ to

make it antimicrobial.

In this study, we demonstrated the proof of our concept by

treating S. aureus biofilm formed on titanium substrates as

a model for in situ treatment of periprosthetic joint infection.

Materials and Methods
Materials
Titanium (Ti) plates were purchased from A&E metals

(New South Wales, Australia) (Grade 2, 0.7 mm thick).

Ti plates were cut into 1 cm in diameter discs, cleaned

with acetone and ethanol, and sterilized by autoclaving at

121°C for 20 mins.

α-Amylase (Am) powder was purchased from MP

Biomedical (New South Wales, Australia). The Am pow-

der was dissolved in sterile PBS to get 1% (w/v) in final

concentration. The solution was then sterilized by filtering

through a 0.2-µm filter membrane and stored at 4°C.

Silver nitrate (Ag) powder was purchased from Sigma-

Aldrich Company (New South Wales, Australia). The 100

µg/mL of the Ag solution was prepared by dissolving

silver nitrate powder in sterile MilliQ water.

Dopamine hydrochloride (DA), sodium carbonate (Na2
CO3), and sodium bicarbonate (NaHCO3) were also pur-

chased from Sigma-Aldrich Company (New South Wales,

Australia). DA stock solution was prepared by dissolving

DA powder in MilliQ water to get 100 g/L in final con-

centration and stored at 4°C.

Syto9 was purchased from Thermo Fisher Scientific

(New South Wales, Australia). The staining working solu-

tion was prepared by dissolving Syto9 stock solution in

0.85% NaCl to get a 5 µM solution.

Growth Condition and Treatment
S. aureus (ATCC 25293) was grown in the Lysogeny broth

(LB)Agar plate overnight. Several overnight cultured colonies

Tran and Tran Dovepress

submit your manuscript | www.dovepress.com

DovePress
International Journal of Nanomedicine 2019:149352

http://www.dovepress.com
http://www.dovepress.com


were then added into the Mueller Hinton (MH) broth.

A spectrophotometer (xMark, Biorad) was used to adjust the

absorbance of the bacterial suspension at 600 nm to 0.5

McFarland standard (approximately 1.5×108 CFU/mL).46

Forty microliters of this suspension was dropped onto the

surface of the Ti discs which were placed in a 48-well plate.

Next, the samples were incubated for 48 hrs before a newMH

broth was added and incubated for another 48 hrs.

After incubation, the samples were rinsed in sterile MilliQ

water to remove planktonic bacteria prior to being divided

into 4 groups receiving different treatments as follows.

Group 1 (G1: PDA-Assisted Treatment)

Step 1: Incubating in dopamine solution: the samples were

first immersed in the polymerization solution of dopamine

which was freshly prepared by diluting 10 µL of DA stock

solution in 1 mL of 0.1 M Na2CO3/NaHCO3 buffer (pH 8.5)

at room temperature for 30 mins following gentle rinsing 2

times in sterile MilliQ water.

Step 2: Incubating in enzyme solution: The samples

were then immersed in the Am enzyme solution (1% w/v)

at 37°C for 30 mins. The samples were then rinsed 2 times

in sterile MilliQ water.

Step 3: Incubating in dopamine solution for the second

time: The samples were then immersed again in the poly-

merization solution of dopamine which was freshly prepared

by diluting 10 µL of DA stock solution in 1 mL of 0.1 M Na2
CO3/NaHCO3 buffer (pH 8.5) at room temperature for 30

mins following gentle rinsing 2 times in sterile MilliQ water.

Step 4: Incubating in Ag solution: The samples were

then immersed in the Ag solution 100 µg/mL at room

temperature for 30 mins. The samples were then rinsed 2

times in sterile MilliQ water.

In group 2 (G2: enzyme and antimicrobial only treat-

ment), the samples were immersed in Am solution (as in

step 2) and then Ag solution (as in step 4). In group 3 (G3:

enzyme only treatment), the samples were immersed in the

enzyme solution (as in step 2). Untreated samples are in

group 4 (G4-control) and used as the control.

Crystal Violet (CV) Assay
After the treatment, all the samples were immersed in 0.1%

(CV) (Sigma-Aldrich, New South Wales, Australia) solution

for 15 mins before being dipped twice in MilliQ water to

remove the unbound dye. After that, the samples were left

dry overnight at room temperature. Samples were then

immersed in 30% acetic acid for 15 mins to solubilize the

bound CV. One hundred microliters of the extracted solution

were then transferred into a 96-well plate and its absorbance

was measured at 550 nm using a spectrophotometer (xMark,

Biorad). The experiments were performed in triplicates (n=3)

and repeated 5 times.

Bacteria Staining and Imaging
To visualize the bacteria, the samples after the treatment

were rinsed in 0.85% NaCl prior to being immersed in

a Syto9 staining solution 5 µM in the dark for 15 mins and

rinsed again with 0.85% NaCl to remove the unbound dye.

The samples were imaged using confocal laser scanning

microscopy (CLSM) (Nikon A1R, Nikon) with 488 nm

laser excitation and 500–530nm bandpass emission. The

images were processed using Nikon A1R software. The

experiments were performed in duplicates (n=2) and

repeated 2 times.

Colony-Forming Unit (CFU) Assay
In a separate set of samples, the samples after the treatment

were rinsed in sterile MilliQ water and placed in 15-mL

falcon tubes containing 3 mL of sterile PBS. They were

then vortexed and sonicated for 90 s. The supernatant was

collected, serially diluted in sterile PBS, and plated on LB

agar plates and incubated at 37°C overnight and the number

of colonies was recorded. The results were then converted

into log CFU for the analysis. The experiments were per-

formed in duplicates (n=2) and repeated 5 times.

Scanning Electron Microscopy (SEM)

Imaging
In a separate set of samples, the samples after the treatment

were fixed with 4% paraformaldehyde at 4°C for 30 mins.

Then, samples were dehydrated with increasing ethanol con-

centrations (70%, 80%, 90%, 95%, and 100%) for 10 mins at

each dilution. After that, the samples were incubated in

hexamethyldisilazane (HMDS) at room temperature for 30

mins before being re-incubated in fresh HMDS and let dry in

a fume hood for 24 hrs. All the samples were gold coated

(Leica EM SCD005, Leica) before imaging with a scanning

electron microscope (Sigma FESEM, Zeiss).

Some samples after the SEM fixation procedure as

described earlier were carbon coated (Cressington 208

Carbon, Cressington) and used for SEM in secondary

electron (SE), backscatter electron (BSE) modes, and an

energy-dispersive X-ray spectroscopy (EDX). The SE

images were then assigned a green color and BSE red

before merging to create pseudo-color composite images

Dovepress Tran and Tran

International Journal of Nanomedicine 2019:14 submit your manuscript | www.dovepress.com

DovePress
9353

http://www.dovepress.com
http://www.dovepress.com


using ImageJ software. The experiments were performed

in duplicates (n=2) and repeated 2 times.

Antimicrobial Activity of the Surface

After the Treatment
The samples after the treatment were transferred to 48-

well plate prior to being added with 1 mL of sterile MH

broth to each well. The samples were incubated at 37°C

for 3 days. At each day, 100 µL of the solution in each

well was transferred to a 96-well plate to measure the

absorbance at 600 nm using the spectrophotometer

(xMark, Biorad) and 100 µL of fresh MH broth was re-

added to each well. The experiments were performed in

duplicates (n=2) and repeated 2 times.

In a separate set of samples, the samples in group 1

(PDA-assisted treatment) were sterilized by immersing in

80% ethanol for 30 mins followed by exposure to ultraviolet

light for 20 mins. The samples were left to dry completely

and then rinsed with sterile PBS before being put in a 48-well

plate. Then, the samples were added with 200 µL of MH

broth containing S. aureuswhich was diluted 100 times from

McFarland 0.5 to obtain approximately 1.5×106 CFU/mL.

The same volume of bacteria was also added to fresh sterile

Ti discs as a control. The samples were incubated for 24 hrs

at 37°C, and the number of recoverable CFUwas determined

using CFU assay as described earlier. The experiments were

performed in duplicates (n=2) and repeated 3 times.

Statistical Analysis
All the graphs were constructed using GraphPad Prism 8,

while the statistical data were analyzed using SPSS software.

The statistical data were presented in the form of mean ±

standard error of the mean. The significant difference was

analyzed using Kruskal–Wallis one-way of analysis of var-

iance (ANOVA) and Wilcoxon 2-sample rank-sum. * p<0.05;

** p < 0.01

Results
PDA-Assisted Treatment Enhanced

Biofilm Removal
We first investigated the effects of combination treatment

on biofilm removal. To do this, we applied the treatment

on bacterial biofilm formed on Ti substrates and used CV

assays to measure the remained biofilm. α-Amylase (Am)-

alone treatment removed 65±8.7% of the biofilm, while

Am and silver nitrate (Ag) treatment removed 72±10%,

and PDA-assisted Am-Ag treatment removed 83±6.1% of

the biofilm (Figure 1A). No significant difference was

found between Am-alone and Am-Ag treatment. PDA-

assisted Am-Ag treatment was significantly more effective

than Am-alone (p<0.05) and Am-Ag treatment.

We also investigated the treatment efficacy using confocal

laser scanning microscopy (CLSM). The biofilm on untreated

samples (Group 4) appeared as a thick and dense layer,

indicating a mature bacterial biofilm (thickness of approxi-

mately 28.1±5.8 µm, Figure 1B–G4). Am-alone treatment

disrupted approximately 60% biofilms and resulted in

a thickness decrease to 22.2±3.5 µm (Figure 1B–G3). The

Am-Ag treatment significantly reduced the biofilm and thick-

ness (20.8±3.4 µm), indicating the contribution from Ag

(Figure 1B–G2). PDA-assisted Am-Ag treatment (Group 1)

sharply reduced biofilm and its thickness (maximum

G1 G2

G3

A

G4

B

Figure 1 PDA-assisted treatment-enhanced biofilm removal. (A) Biofilm biomass measured by crystal violet assay (data = mean ± standard error of the mean, n=5, *p<0.05,

**p<0.001). (B) Representative confocal laser scanning microscopy images of samples after the treatments (bacteria appeared green) and associated biofilm thickness.
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measured thickness of 12.3±1.8 µm). In fact, the majority of

bacteria found on the surface of samples in Group 1 appeared

as nonaggregated individual bacteria (Figure 1B–G1). These

results showed that PDA-assisted treatment significantly

enhanced biofilm removal efficacy.

PDA-Assisted Treatment Enhanced

Bacteria Killing
Next, we evaluated the effect of the treatments on bacteria

viability by CFU assays and SEM imaging. The log CFU

results showed that all the treated groups had reduced log

CFU compared to the untreated control. Untreated samples

had 6.9±1.1 log CFU and Am-only treatment had 6.1±0.7

log CFU (no significant reduction compared to the untreated

group) (Figure 2A). Meanwhile, Am-Ag treatment had 4.2

±0.6 log CFU and PDA-assisted treatment had 2.2±1.9 log

CFU. The results thus demonstrated a significant reduction

of log CFU on samples receiving Am-Ag treatment (2.7 log

reduction, p<0.05) and on samples receiving PDA-assisted

treatment (nearly 5 log reduction, p<0.001) compared to the

untreated group. The bacteria in samples receiving PDA-

assisted treatment also exhibited abnormal morphology

similar to a damaged membrane, likely caused by antimi-

crobial actions of Ag nanoparticles (Figure 2B–G1).47–49

PDA-Assisted Treatment Rendered the

Surface Antimicrobial
We further evaluated the effectiveness of PDA-assisted

treatment on bacteria deactivation by incubating the

substrates in bacteria-free culture broth and measured the

cloudiness of the broth during incubation as an indicator of

bacterial growth (Figure 3A – regrowth test). After 1 day,

the optical density of the broth for sample in Group 1,

PDA-assisted treatment, was about 0.007 indicating no

growth of bacteria (transparent broth), while other groups

had an optical density of approximately 0.2 clearly indi-

cating bacterial growth (cloudy broth) (Figure 3B and D).

However, after 2 and 3 days, regrowth of bacteria was

observed in all groups (Figure 3B), indicating that the

effect diminished after 2 days.

We next tested if the treated surface could inhibit bacteria

recolonization (Figure 3A – antibacterial test). In a separate

set of samples after the biofilm treatment, we applied

S. aureus suspension to the treated substrates, incubated for

1 day, and determined log CFU. The substrates receiving

PDA-assisted treatment had significantly lower log CFU (log

CFU of 7.9±0.4, p<0.05) than the bare substrates (log CFU

of 9.1±0.5) (Figure 3C), suggesting that the PDA-assisted

treatment provided the substrate with antimicrobial activity.

The Antimicrobial Activity of the Treated

Surface Was Attributable to the Surface

Immobilization of Ag
First, the PDA coating layer was visible as a typical brown

staining of the samples (Figure 4A4).42

To confirm our hypothesis that PDA assisted the immobi-

lization of Ag, we used SEM coupled with EDX to study the

sample surface. The EDX results showed that the immobilized

A G1 G2

G3 G4

B

Figure 2 PDA-assisted treatment had higher bacteria killing. (A) Colony-forming units (CFU, log scale) recovered from the substrates after the treatment (data = mean ±

standard error of the mean, n=5, *p<0.05, **p<0.001). (B) Representative SEM images of the sample surface after the treatments.
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Ag appeared as submicron-/nanoparticles on the surface as

shown in Figure 4B. The spectra from PDA-assisted treatment

also showed that more Ag was found on the bacteria with

seemingly damaged membrane (Figure 4B1). Higher levels of

C andOwere also found on bacteria as expected (Figure 4B2).

Combining SE imaging and BSE imaging revealed that the

majority of immobilized Ag was in the form of nanoparticles

of less than 50 nm in diameters (Figure 4C). In contrast, there

was no detectable Ag found immobilized on the surface of

samples in the Am-Ag treatment group, neither on the bacteria

surface nor on the surrounding area (Figure 4B3–4). Thus, the

results indicated that PDA facilitated the formation and immo-

bilization of Ag particles from silver nitrate solution onto the

substrates.

Discussion
In this study, we investigated our new biomaterial approach in

eradicating established biofilms. This study is in the context of

implant retention surgery for acute periprosthetic joint infec-

tion. For such therapy, it is of critical importance that bacteria

and their biofilms are effectively removed and that the pros-

thesis surface resistant to bacterial recolonization after the

surgery in order to achieve more consistent successful

outcomes.50,51

It has been recognized that preventing bacterial reco-

lonization of the implant surface after in situ biofilm

treatment is key to reduce reinfection rates.50–52 To our

best knowledge, there has been no report of a method that

eradicates established biofilm on implants in situ and at the

same time coats the implant in situ with antimicrobial

agents to prevent reinfection.

In this study, we employed the polymerization and self-

immobilization chemistry of dopamine and couple this

reaction with the biofilm lysis actions of a model enzyme

(α-amylase) and bactericidal actions of silver nitrate. We

showed that PDA-assisted treatment increased the removal

efficacy of the model biofilm and increased the efficacy of

killing bacteria compared to treatments without PDA.

Importantly, we found that the PDA-assisted treatment

also induced Ag immobilization in the forms of submicron-/

A

G1 G2 G3 G4

Cloudy
bacterial growth

Clear
no growth+

Amylase
Ag

PDA

-+++
--++
--- +

-+++
--++
--- +

-+++
--++
---

G1

B C

Ti Control
D

Figure 3 PDA-assisted treatment rendered the surface antimicrobial. (A): Procedure of the tests. (B): Regrowth of bacteria from treated samples monitored by OD

measurement (data = mean ± standard error of the mean, n=2). (C): Significant lower log CFU on G1 compared to Ti control. (data = mean ± standard error of the mean,

n=3). *p<0.05, **p<0.001. (D): Photographs showing the turbidity of the broth indicating bacterial growth except for the G1 group.
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nano-particles on the sample surface. The reduction of Ag

ions into Ag particles and their immobilization was attributed

to electron transfer with quinone structures’ forming from

catechol groups at ortho positions.53–56 This method has been

reported in a number of studies using PDA as a priming layer

for coating metal nanoparticles on surfaces in a process

similar to our current study. For example, hydroxyapatite

on stainless steel substrates was first coated with PDA that

then facilitated the formation and immobilization of Ag

nanoparticles from ionic Ag solution.53,56 Recently, the

same method was used to immobilize Ag and Au nanoparti-

cles on PET and silicon wafer surface.57

Figure 4 PDA-assisted treatment immobilized the silver particles onto the substrate’s surface. (A): Gross appearance of samples showing clear visual color changes in the

PDA-assisted treatment group. (B): EDX analysis of Am-Ag treatment and PDA-assisted Am-Ag treatment. B1-2: Line analysis on the PDA-assisted treatment sample shows

a clear association of Ag (red Ag spectrum line) with bacteria (C and O lines). B3-4: Point analysis on Am-Ag treatment showing no detectable Ag peaks. (C):

A representative pseudo-color merged secondary electron (SE, assigned green color) and backscatter electron (BSE, assigned red color) image showing the distribution

of immobilized Ag particles (appeared in bright yellow) in PDA-assisted treatment group. EDX spot analysis and mapping, confirming the presence of Ag and its distribution.
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Our bacterial biofilm treatment mechanism was based

on the enzyme’s disruption of the biofilm extracellular

matrix and the Ag’s bactericidal activity. First, we estab-

lished bacterial biofilms, and then PDA was applied as

a priming layer prior to the application of the enzyme.

Subsequently, the priming–applying process was repeated

for the application of Ag. The rationale of the PDA treat-

ment including the first PDA was that the adhered PDA

would help immobilize the agents (including enzyme, Ag)

from the solution onto the biofilm/bacterial layer, thus

enhancing the agent–biofilm interactions. However, in

this process, it was possible that the PDA crossed through

the biofilm/bacterial layer at some places and hence

attached to the Ti surface. It was also recognized that the

PDA treatment could be combined with enzyme and anti-

microbial at the same time, hence eliminating multiple

PDA applications. We are currently optimizing this com-

bination in our laboratories.

Our current work is a proof-of-concept study and thus

has several limitations that could be further improved. The

biofilms in our study were only a few days old thus were

not replicating exactly the biofilms expected in joint space.

Our biofilms, however, are still sufficient for us to demon-

strate as a proof of concept the effects of the treatment.

Further studies would need to replicate better the biofilms,

for example, by culturing in dynamic conditions for

a longer period of time. In addition, more in-depth experi-

ments with different types of bacteria, enzymes, and anti-

microbials of different concentrations should be tested.

Investigation of the sizes and density of the immobilized

silver particles in the context of surface antimicrobial

activity and tissue reintegration should also be conducted

in future in vitro and in vivo studies.

Conclusion
In summary, we showed a proof of concept that using the

polymerization and self-immobilizing chemistry of dopa-

mine at a mild, aqueous condition, we could enhance

biofilm removal and bacterial killing efficacy of the bio-

film-lysis enzyme, α-amylase and antimicrobial silver on

a model mature S. aureus biofilm. Importantly, the same

process also deposited antimicrobial silver in situ onto

the surface as an antimicrobial coating. These findings

suggest that this immobilization-enhanced treatment con-

cept and, in particular, polydopamine-assisted treatment

strategy could be promising in the development of

advanced in situ treatments for infected devices in

implant-retention surgeries.
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