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Revision surgery is paramount to cure chronic prosthetic joint infections because these infections are
associated with biofilms on prosthetics that conventional antibiotics cannot eradicate. However, there is
a paucity of research on where in vivo biofilms are located on infected prosthetics. Consequently, the
objective of this pilot study was to address this gap in knowledge by staining 5 chronically infected
prosthetics, that were removed at the time of revision surgery, with methylene blue. Scanning electron
microscopic images were then taken of the methylene blueestained areas to visualize biofilms. The
findings show that all chronically infected prosthetics had biofilms located on the boneeprosthetic
interface, yet only 2 had biofilms also located on the prosthetic interface exposed to synovial fluid.
Subsequently, this pilot study provides a pathophysiological understanding of why the current treatment
paradigm for chronic periprosthetic joint infection requires a revision surgery and not debridement and
an implant retention surgery.
© 2023 The Authors. Published by Elsevier Inc. on behalf of The American Association of Hip and Knee
Surgeons. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/

licenses/by-nc-nd/4.0/).
The current theory for why debridement and implant retention
surgery (DAIR) for chronic periprosthetic joint infection (PJI) is
associated with poor outcomes is because the chronicity and thus
hardiness of biofilms deposited on prosthetic surfaces are unable to
be removed by debridement and antibiotics alone [1,2]. However, it
is well recognized that biofilms form rapidly, within 24 hours, and
these newly formed biofilms are already highly resistant to anti-
biotics [3,4]. Therefore, there is a gap in knowledge on why chronic
PJI treated with DAIR is associated with poor outcomes. Conse-
quently, we hypothesized that the location of biofilms on chronic
PJI is the reason for poor success rates with DAIR rather than
temporal duration of biofilms. Therefore, the aim of this pilot study
was to assess where in vivo formed biofilms are located on
chronically infected prosthetics by staining with methylene blue
(MB) and using scanning electron microscopy (SEM).
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The study was approved by the University of Maryland, Balti-
more Internal Review Board (HP-00099312). From November 1,
2022 through February 2, 2023, the first 5 chronically infected knee
PJI that underwent revision surgery were evaluated. Here PJI was
defined based on the musculoskeletal infection society definition
[5]. In addition, chronic PJI was defined as having symptoms for
more than 3 weeks and being more than 3 months since the index
arthroplasty. In the operating room, explanted prosthetics were
placed in a sterile container filled with 0.1% MB for 2 minutes,
which is extrapolated from similar use of MB [6,7]. Then the
prosthetics was rinsed in a separate container with 0.9% normal
saline for 1 minute, which again was extrapolated from previous
studies [6,7]. Images of the stained prosthetics were then obtained
with attention to the surfaces that were in contact with the joint
space and the prosthetic surfaces that were in contact with the
bone. Figure 1a-e shows the tibial components stained with MB for
these 5 cases. All 5 of the chronic infections had areas that stained
on the bone-prosthetic surface. However, only the 2 staphylococcal
PJIs (Fig. 1a and d) had obvious staining on the prosthetic interface
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Figure 1. Location of biofilms on explanted tibial components. (a) Staphylococcus aureus PJI with biofilms located on both the boneeprosthetic interface and the interface in contact
with the joint. S. aureus biofilm with bacterial cells seen under biofilm matrix at 24,000� magnification, 2 kV, working distance 5.0 mm; B1, (b) Candida glabrata PJI with biofilm
located predominately on the bone-prosthetic interface. C. glabrata biofilm at 5000� magnification 2 kV, working distance 14.5 mm; (c) culture-negative PJI with biofilms located
predominately on the bone-prosthetic interface. Culture-negative biofilm at 10,000� magnification, 2 kV, working distance 6.7 mm; (d) S. aureus PJI with biofilms located on both
interfaces. S. aureus biofilm at 20,000�magnification, 2 kV, working distance 5.0 mm; (e) culture-negative PJI with biofilms located predominately on the bone-prosthetic interface.
Culture-negative biofilm at 10,000� magnification, 2 kV, working distance 4.7 mm; (f1) negative control with sterilized femoral component placed in methylene blue where no
staining occurred, and no bacteria were cultured from prosthetic; (f2) positive control with femoral component placed in broth of S. aureus for 24 hours and then stained with
methylene blue in which larges areas of biofilm can be observed. In addition, S. aureus could be recovered by culturing these areas stained with methylene blue; (g) image showing a
tibial component on the SEM stage with limited capability to move the prosthetic under the electron beam.
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that is exposed to the joint space itself and polyethylene liner.
Furthermore, this study had positive and negative controls. The
negative controls included sterile femoral components that had
been further sterilized in 200% ethanol for 24 hours and autoclaved.
These were then stained with MB in which none stained with MB
staining (Fig. 1f1). Positive controls included sterile femoral com-
ponents that were sterilized in same fashion and then placed in a
broth with Staphylococcus aureus for 24 hours and then stained
with MB (Fig. 1f2).

To ensure these areas were biofilms, we utilized SEM. However,
given the dimensional constraints of the SEM (Quanta 200, FEI,
Hillsboro, OR), only the explanted tibial components were visual-
ized. The tibial components that had been stained were placed in
2% paraformaldehyde and 2.5% glutaraldehyde overnight. Then the
prosthetics were dehydrated in ethanol and hexamethyldisilazane.
Components were coated with platinum/palladium, and the areas
that had stained with MB were used to direct where to image with
SEM. Figure 1a-e shows the SEM images of the areas that stained
with MB. All SEM images show microbial biofilms. Moreover, the
geometric constraints associated with tibial components in the
SEM can be observed in Figure 1g.

To our knowledge, this is the first study to evaluate the location
of in vivoeformed biofilms on infected prosthetics. Others have
used MB in the operating room to show where infected tissues
were present and as a tool for in vitro biofilm research [6,7]. Here
with the use of MB and SEM, we show that chronic PJI have biofilms
located not only on the surface that is exposed to the joint space but
rather predominately on the bone-prosthetic interfaces. This has
important clinical ramifications in that it demonstrates that chronic
PJI biofilms are typically located in areas that are not accessible to
debridement when conducting DAIR surgery. This explains from a
pathophysiological standpoint why chronic PJI treated with DAIR
are associatedwith poor outcomes and require a revision surgery to
remove these niduses of microbes.

While we utilized similar techniques that other studies have
used to mitigate subjectiveness, this was a pilot study, and thus,
larger studies are needed to validate the findings shown here [6,7].
As well, this studywas able to visualize some biofilm structures, but
it is unknown if the fixatives and dehydration processes truncated
the biofilms. This is because there is a paucity of research evalu-
ating the proper fixative needed to preserve in vivoeformed bio-
films to thereby visualize biofilms structures and the extracellular
polymeric substances. It has been shown that the use of para-
formaldehyde and glutaraldehyde does not reliably allow for
preservation of extracellular polymeric substance structures and
that the use of nonaqueous fixatives could bemore advantageous in
visualizing biofilm structures [8]. Follow-up studies are needed to
assess what is the most beneficial fixative to use to visualize bio-
films that have been formed in vivo on prosthetic material.

Furthermore, we would have liked to also visualize the femoral
components, but the dimensional constraints of the SEM chamber
rendered this not feasible. The tibial components could be imaged
because they were small enough to allow them to rest on the SEM
stagewhile also allowing for the stage tomove in the x and y axes to
place areas of interest under the electron beam (Fig. 1g). SEM im-
aging for larger or uneven prosthetics will require a larger SEM
chamber and a method to hold these prosthetics in place while
allowing the stage to move. This has important implications for
using this technique with other explanted prosthetics, as the size
and dimensions of the prosthetics are important to correlate with
the size of the SEM chamber. At the present time, it may not be
possible to visualize all explanted MB-stained biofilms with stan-
dard SEM chambers, and the use of confocal microscopy could be an
alternative option for larger prosthetics.
In conclusion, this pilot study shows that chronic PJI have in
vivoeformed biofilms routinely located on the bone-prosthetic
interface which is not accessible to DAIR surgery. Undoubtedly
larger studies will be needed to reinforce the findings shown here,
but the findings provide a pathophysiological understanding of
why the current treatment paradigm for chronic PJI requires
prosthetic component removal. Moreover, this study is immensely
valuable because the knowledge gained is vital to those creating
novel treatment therapeutics and prevention methods for PJI and
other infectious syndromes.
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