Perspectives on Biomaterial-Associated
Infection: Pathogenesis and Current
Clinical Demands

Check for
updates

Dan Bai, Jingjie Chen, Peng Li, and Wei Huang

Abstract In this chapter, an overview of current medical implant devices and
infection problems associated with implantation is provided, bridging the gap
between material engineering and clinical practice. The pathogenesis, common
pathogens, and infection sites are listed, alongside the details of up-to-date strate-
gies and guidelines for diagnosis and treatment of biomaterials-associated infec-
tions. Through the combined understanding of microbial pathogenicity, drug
resistance, patients’ immune response processes, and current clinical practices, we
can tackle the problem of biomaterials-associated infection via multidisciplinary
approaches. To meet the clinical demands and challenges in future, strategic design
of intelligent biomaterials is in need to reduce implantation device-caused infec-
tions, improving the patient’s quality of life.
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Introduction

Biomaterial-associated infection is one of the major complications in the clinical
use of implanted materials, occurring in both permanent implants and temporary
devices. Since the first permanent pacemaker was successfully implanted into the
human body 60 years ago, the number of surgical cases using implants has increased
significantly in the past decades, such as arthroplasty in joint surgery, intervertebral
disc implants in spinal surgery, fracture internal fixation in traumatology, prosthetic
valves in cardiac surgery, pacemakers, and various implants and filling materials in
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orthopedics, improving the quality of life of many patients. In recent 30 years of
biomaterial evolution, biomaterials have been used in many implantation occasions
such as fiber membranes for dialysis, artificial lung, auxiliary heart (segmented
polyurethane), intraocular lens, dental adhesive, artificial bone, guide wire, and
drug delivery system (e.g., microcapsule). In China, the output capacity of biomate-
rials such as bio-polyamide (bio-PA) and bio-polytrimethylene terephthalate (bio-
PTT) has been put into large-scale industrial production which reached about
678,710 tonnes in total and 170,960 tonnes in the year of 2015 alone [1-4]. The
compound annual growth rate (CAGR) of biomaterials was predicted to be over
10-20% till the year of 2020 [1, 4]; the Asia pacific orthopedic biomaterial market
is predicted to grow with a CAGR of 12.6% during 2017-2023 [3] (Fig. 1).

While the industry of biomaterials has been thriving recently, the annual overall
incidence of implantation device-caused infection is about 2-3% [2], and relatively
few biomaterials have been designed with effective infection prevention property.
Apart from the surgical operation and perioperative preventive measures, develop-
ment of intelligent biomaterials is the key factor for implant design. Microbial pro-
liferation can cause physical damage to the implant, such as loosening, dislocation,
and structural instability, apart from causing systemic infection symptoms such as
fever or embolism. Alongside bioactivity and biocompatibility, the chemical com-
position and physical properties are crucial for biomaterial design.

Infection around prosthesis implantation is a serious complication. Infections
around implant and/or implant device often greatly reduce the patient’s quality of
life, by subjecting them to chronic pain and inconvenience. According to recent
studies, biomaterial-associated infections are the most common cause of revision in
the first 5 years after the initial replacement of the implantation [5]. In many cases,
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Fig. 1 Statistics of medical biomaterial-related intellectual property worldwide [1, 4]
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infection around the prosthesis also means prolonged hospital stays, from weeks to
months. For implantation-related nosocomial infections, long-term hospitalization,
multiple surgeries, and anesthesia will increase the risk of patients’ exposure to
multidrug-resistant pathogens, resulting in secondary complications (pulmonary
embolism, intubation-related sepsis, antibiotic-associated diarrhea, hemorrhoids,
etc.), even the risk of death. Replacement surgery often requires more than one
additional surgery to treat these infections with treatment of peripheral bone, mus-
cle, and soft tissues. Consequences of biomaterial-associated infection have become
a socioeconomic problem for the medical resource distribution and public health
care system. Although progress has been made in preoperative, intraoperative, and
postoperative management alongside the greatly improved surgical techniques, the
infection rate has not decreased significantly over the past two decades. In the case
of implantation infection, the only solution is systemic management of infection
prevention before its occurrence. Treatment involving complete removal of all
infected soft tissue and bone around the prosthesis has devastating consequences for
patients. Therefore, no effort should be spared in reducing the risk of biomaterial-
associated infections and effectively diagnosing and treating existing infections
(Scheme 1).

For implantation such as artificial joint devices, infection after long-term implan-
tation is a severe problem. The presence of foreign biomaterials in the human body
for a long time may cause the patient’s innate immune function to decline. When the
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Scheme 1 Guidelines for prevention of implantation infection and antibiotic resistance. (US
Center for Disease Control and Prevention [6])
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surface of implant biomaterials becomes colonized with an infectious flora, the risk
of developing infectious diseases cannot be avoided. The difficulty in controlling
biomaterial-associated infectious diseases is that it is necessary not only to evaluate
the antimicrobial properties at the time of manufacture but also to confirm the effec-
tiveness after long-term placement [7]. However, methods for evaluating the long-
term usage of biomaterials in human body environments and their associated
material properties still have not been fully investigated. Although evaluation meth-
ods for cultured cells and tissues can be studied in various ways, there are fewer
studies to investigate changes that occur within human physiological conditions [7].
To confirm whether a newly developed implant meets the required criteria, it is
essential to evaluate the long-term characteristics of the biomaterial. Meanwhile, in
order to facilitate biomaterial development, it is important to set long-term perfor-
mance evaluation methods. In the case of medical surgery biomaterials, it is neces-
sary to evaluate what may eventually occur 10 or 20 years after implantation in the
human body. Now it is difficult to carry out long-term monitoring even in animal
model experiments, which is challenging for biomaterial characterization and
evaluation.

Strategies for the prevention, diagnosis, and treatment of biomaterial-associated
infections have evolved over the past few years. Most hospitals comply with strate-
gies agreed on by major professional societies. Since infections around the prosthe-
sis have been recognized as the most serious complication of artificial implantation,
more attention has been paid to the development of intelligent biomaterials with
infection resilience [8—10]. In order to effectively prevent and treat infections in the
future while maintaining the function of implants, multidisciplinary collaboration
between medical specialists, material science researchers, and the industry needs to
be established. This chapter focuses on the pathogenesis of biomaterial-associated
infections, current clinical demands of infection-reducing biomaterials, and recent
research of infection-reducing strategies, intended to further facilitate research in
this area.

Pathogenesis of Biomaterial-Associated Infection

As the phrase “the race for the surface” suggests [11, 12], the fate of biomaterial
implants is influenced by a competition between host tissue cell integration and
bacterial colonization at their surfaces. Microorganisms may enter the patient’s
body during the surgery. Recent studies also suggested that biomaterial-associated
infections might be lifestyle related. Physical conditions including past surgical his-
tory, diabetes (blood glucose >200 mg/L or HbA1C >7%), nutrition deficiency, obe-
sity (BMI > 40 kg/m?), chronic liver disease or kidney diseases, excessive smoking
(>1 pack/day), excessive drinking, and drug abuse would put the patient at higher
risk of biomaterial-associated infections [13].

In due course of implantation, if biomaterials cause damage to the epithelium
and the mucosal barrier, the implant or implant device may weaken the host’s
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defense system and provide a growing niche for microorganisms, allowing pathogens
to access blood circulation and deep tissues. Meanwhile, biomaterials may release
soluble components and form high-density fibrous tissue membranes around the
implant or implant device, which would act as a mechanical barrier preventing
immune responsive macrophages from migrating to the interface and allowing
pathogens to survive near the implant. Implanted biomaterials may also interfere
with the physiological process of anti-infection through surface-media interactions;
tissues around the implant site may be prone to infection diffusion [14]. The choice
of implantation biomaterials is crucial because the physical and chemical properties
of the biomaterial you choose determine their capacity for preventing or inducing
adsorption, infection, and inflammation under healthy physiological conditions
when it interacts with different microorganisms.

Mechanistic studies of bacterial and fungal biofilm formation on implantation
biomaterials has not received sufficient attention yet. Microorganisms can form bio-
films that protect microbes against antibiotics and from the body’s own immune
system. Biofilm formation helps pathogens adapt to chemical and physical condi-
tions of microenvironment, the biochemical interactions of the host defense, and
also antibiotic regimes, assisting in intercellular communication and nutrition for
pathogen proliferation [15-19].

As shown in Fig. 2, once attached to the surfaces, bacteria or fungi adhere
firmly. The pathogens rapidly grow into microcolonies and secrete extracellular
polymeric substances (EPS) to form a three-dimensional matrix cell structure
termed biofilm. EPS consists of polysaccharides, proteins, and sometimes extracel-
lular DNA (eDNA). Polysaccharide intercellular adhesin (PIA) process also hap-
pens which involves staphylococcal surface protein (60 kDa) [20, 21]. After
maturation, the biofilm can disperse causing the bacteria to diffuse and spread [22],
seeding acute infections [23]. It is difficult to eradicate biofilms due to their char-
acteristics; the host cells around the biofilm are in a dormant state. The only effec-
tive solution is to prevent the formation of bacterial biofilms via strategic design of
biomaterials.

Pathogens : Pathogens grow Secrete extracellular Biofilm formation Biofilm disperse
adhere to the into microcolonies | polymeric substances (EPS) bacteria release
surface e proten (EAP]

/ extracellular DNA (eDNA)

polysaccharide intercellular adhesion (PIA)
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Fig. 2 Mechanism of biofilm formation on a biomaterial surface
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Diagnosis and Treatment of Biomaterial-Associated Infections

Early diagnosis of biomaterial-associated infections and the severity of the infec-
tions are still quite challenging. At present, there is a lack of consensus of treatment
procedure among the specialists, the clinical features of infection around the pros-
thesis are still not clear, especially how to distinguish biomaterial-associated infec-
tions from the failure of the implant to remain sterile; the diagnostic criteria are still
controversial, and the choice of suitable antibiotics or surgical methods for treat-
ment is still inconclusive. There is an unmet need of a global-scale survey-based
statistics to develop guidelines for handling biomaterial-associated infections and
general clinically supported guidelines for the use of various treatments. Patients
with persistent or recurrent infections often require multiple surgeries, which can
lead to anatomical damage (muscle contractures, bone defects, loss of soft tissue
coverage, etc.), which may require additional operation for joint fixation, Girdlestone
procedure, or even amputation. Patients with persistent infections are often under
great stress due to chronic pain (Fig. 3).

There are many classifications of infections around prosthesis based on different
stages, each with its own criteria. As commonly agreed by many specialists, the sim-
plest classification is to divide biomaterial-associated infections into early infections
and late infections. Early infection refers to an infection that occurs within 3—4 weeks
after the implantation of the prosthesis or the onset of symptoms [24]. Early acute

(b) =

Fig. 3 (a) Infection after knee arthroplasty with visible sinus; (b) tissue infection around the pros-
thesis after total hip arthroplasty with visible osteonecrosis after removal of the prosthesis.
(Photographs courtesy of Prof. Fanpu Ji at Department of Infectious Diseases, 2nd Hospital of
Xi’an Jiaotong University, with consent of patients)
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infection symptoms are usually caused by intraoperative misconducts; biofilm
production is less or immature in this stage [25]. Infections that occur after 3—4 weeks
are classified as late infections, meaning that these infections are caused by blood
sources, even several years or decades after surgery. Infections that occur after more
than 4 weeks after surgery often accompanied with persistent pain at infection site,
and low-virulence pathogens such as coagulase-negative staphylococci, enterococci,
or Propionibacterium acnes (P. acnes) are more common source. Acute homogenous
infection may happen more than 2 years after surgery, due to bloodborne dissemina-
tion; the clinical symptoms are typical redness, heat, and pain, the pathogen source
often includes streptococcus and gram-negative bacilli with culture-positive rate
<50% [24]. Infection stage classification has certain significance for the treatment
plan, but it must be emphasized that infection is a continuous and coherent process.
Follow-up treatment must not be based solely on the stage classification; other factors
such as the stability of the prosthesis, the presence of sinus, pathogenic virulence, and
patients’ relevant medical history should also be taken into consideration.

For early infection cases, it may be reasonable to retain the prosthesis. For
advanced infections in late stages, the prosthesis, all foreign bodies, and infected
bone and soft tissue should be removed [26]. If the prosthesis is implanted close to
the surface of the skin, infections are usually discovered in early stages with red-
ness, swelling, heat, and pain around the implant device or implant. Pain is the most
important clinical symbol of infection; if pain suddenly occurs after an asymptom-
atic period, then clinical examination must be performed. Formation of fistula
and/or exudation around the implantation part of the body is also considered as a
sign of local infection; serum examination of biomarkers should be carried out [25,
27]. Systemic immune and neural symptoms such as fever and muscle dysfunction
may occur later as implants and devices gradually become impaired. Infected artifi-
cial joints such as hip or knee implants can cause walking pain and walking instabil-
ity. Infected prosthetic heart valve may cause fatigue as the patient has less cardiac
output, eventually leading to severe heart failure. An effective surgery with antibi-
otic treatment plan is needed to alleviate the infection and pain, and restore func-
tion, yet there are still no clear treatment guidelines to ensure more than 90%
success rate of long-term treatment.

Alongside echocardiography and scintigraphic imaging (X-ray, CT, fMRI) meth-
ods, laboratory-based biochemistry and immunoassay play an important role in the
development in the diagnosis of biomaterial-associated infections. In serum testing,
elevated levels of indicators such as procalcitonin (PCT), erythrocyte sedimentation
rate (ESR), sedimentation rate (sed rate), C-reactive protein (CRP) may be associ-
ated with infections. In urine testing, a positive leukocyte esterase test indicates
infection. If noninvasive tests fail to diagnose infections, puncturing to collect cere-
brospinal fluid and/or synovial fluid from the implantation area that is suspected of
being infected must be performed in the operating room with strict aseptic proce-
dures. Patients should cease their antibiotic doses 10-14 days prior to puncture.
Specimens obtained by puncture should be sent to the nearest qualified laboratory as
soon as possible for further tests and must be cultured for at least 14 days to ensure
that slow-growing pathogens can be detected. Increased white blood cell (WBC)
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count or increased percentage of neutrophils (PMN%) should be considered a red
flag. If clinical manifestations and serological tests are highly suspected of infection
around the prosthesis, but bacterial culture test is negative, an open surgical biopsy
should be performed. Biopsy specimens collected from around the prosthesis area
are more accurate for examination of bacterial culture or histological analysis [5]. If
at least two tissue culture tests around the prosthesis have found the same pathogen,
an infection could be concluded. Special attention is due if the patient is seriously
suspected to have a periprosthetic infection, even if the above diagnostic criteria are
not met; infection should be considered with the help of further examination and
treatment. Formation of biofilm may significantly reduce the sensitivity of traditional
microbial culture techniques, making pathogenic examinations difficult. Currently,
there is limited consensus in the diagnosis gold standards and treatment methods;
thus, different guidelines should be considered to understand the limitations of each
type of detection method. The application and analysis combined with the examina-
tion of actual patients’ condition need multidisciplinary cooperation. In addition, the
sensitivity of qualitative and quantitative examination via biochemical and histologi-
cal analyses could be further improved with techniques such as sonication, real-time
quantitative PCR, metagenomic next-generation sequencing (mNGS), and Ibis
T5000 universal biosensor system.

Causative Pathogens of Biomaterial-Associated Infections

Upon usage, biomaterials directly or indirectly contact or interact with the human
body components (e.g., organs, tissues, cells, and proteins). Most prostheses such as
vascular and blood vessel stains are embodied under the skin within the body and do
not have an opening surface for infection. However, implants used in dental treat-
ments usually have extended structure from within the tissue to outside the tissue
implant contact point. Biomaterials placed in such a fashion with exposed parts
which create the niche of polysaccharide and hemidesmosome secretion are suscep-
tible to infection. Although adhesion, repair, and immune function are retained in the
surrounding tissues of implants, the binding part between implanted biomaterials
and the tissue mucosa has a much weaker protective mechanism. If inflammation
reaches the bones along the tissue surface, especially if an implant has uneven struc-
ture, it is difficult to remove the infected surrounding tissue, since at present there is
no effective early diagnostic techniques against peri-implant inflammation.

Biomaterial-Associated Infection-Related Drug Resistance

Drug resistance of pathogens is the main enemy we face in the first line of designing
anti-infection biomaterials. Just as penicillin-resistant bacteria have already existed
before the appearance of penicillin, most of the drug-resistant pathogens have
existed in nature long before drug discovery. If antibiotic drugs are continually
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applied, the susceptible strains of pathogens may be destroyed, and the resistant
strains may survive and eventually proliferate through mutation and evolution. The
use of antibiotics means the selection of more resistant pathogens. The prevalence
of drug-resistant pathogens may increase when pathogenic microorganisms are fre-
quently exposed to antibiotics. As shown in Table 1, the pathogens in biomaterial-
associated infections often include gram-negative bacteria, aerobic gram-positive
bacteria, fungi, and even mixed strain of pathogens. The American College of
Orthopaedic Surgeons (AAOS) clinical guidelines for the diagnosis of prosthetic
infections strongly recommend against the use of antibiotics prior to infection diag-
nosis. If antibiotics are applied before sample collection for diagnostic tests, the
influence of biofilm formation often leads to negative culture results of pathogen
culture tests. At present, about 15-20% of implantation infection patients have neg-
ative clinical bacterial culture, and the negative results may make diagnosis by doc-
tors perplexing.

As shown in Table 2, multidrug-resistant pathogens such as methicillin-resistant
Staphylococcus aureus (S. aureus) (MRSA) and Staphylococcus epidermidis are
common sources of infection. Small colony variants (SCVs) including S. aureus,
Pseudomonas aeruginosa (P. aeruginosa), and several other bacteria can even grow
within the temporary spacer containing gentamicin [46]. Life-threatening pathogens
such as enterobacteria, non-fermenting bacteria (e.g., Acinetobacter spp.,
Pseudomonas spp.) are resistant to penicillin, cephalosporin, quinolone, and carbape-
nem, which are classified as SMRGN (multidrug-resistant gram-negative) or 4MRGN
according to Kommission fiir Krankenhaushygiene und Infektionspravention
(KRINKO) [47]. These multidrug-resistant pathogens are resistant to all known Class
3 or Class 4 antibiotic drugs. When nosocomial outbreak occurs or when there are
infections caused by drug-resistant pathogens, there is little to do clinically.

With the drug resistance problem in mind, two aspects must be considered while
deciding on the treatment of biomaterial-associated infections: the annihilation of the
pathogen by effective drug dosing regimens and the suppression of emergence of
resistant pathogen strains. In order to suppress the emergence of resistant pathogen
strains, firstly, antibiotics should not be prescribed when the patient is only a carrier
without symptoms or when test results of infections are inconclusive; secondly, the
antibiotic regimens with sufficient dosage should be stopped immediately after the
infection symptoms cease to exist; thirdly, the use of a single antibiotic drug should
be avoided in order to decrease the selective pressure of drug resistance; last but not
least, nosocomial infections should be prevented with strict regulations, and human-
to-human transmission routes must also be prohibited effectively.

Clinical Demands: Desirable Properties of Infection-Reducing
Biomaterials

The US Public Law 105-230: Biomaterials Access Assurance Act of 1998 and the
FDA guidance of the International Standard ISO 10993-1 [48] insist that biomedical
evaluations of implantation biomaterials be required carried out before implantation.
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Low toxicity, nonallergenic, and low inflammatory reaction should be tested as a
biocompatibility indicator. Biomaterials with sufficient in vivo stability (corrosion
resistance and abrasion resistance) are required. Biomaterials used for implants,
implant device, or catheters that penetrate the skin that is in contact with tissue or
bone area must have interface compatibility and firm connectivity. Adhesion prop-
erty is also required to be considered in order to avoid the invasion space of bacteria.
In contact with tissue, biomaterials may trigger the surrounding tissue cells to gen-
erate extracellular matrix (ECM) components contained in serum. Adsorption of
biomolecules onto the surface of implanted biomaterials is followed by cell adhe-
sion behavior as well as immune responses (cell migration, proliferation, differen-
tiation). For instance, if cell adhesion molecules such as fibronectin are adsorbed on
the surface of the biomaterial before bacteria colonization, the adhesion between the
implanted biomaterial and surrounding tissue cells increases.

The process of biomaterial-cell adhesion within the implant’s surrounding tissue
takes place through a series of events as follows: (1) physical adsorption of ECM to
the surface of the material; (2) binding between the ECM and the cell membrane
protein (integrin) and the adhesion spot associated protein; (3) binding between the
adhesion complex protein and the cytoskeleton, that is, the binding proteins pene-
trate cell membrane in form of chains. In this state, when a shearing force (a force
parallel to the adhesion interface) is applied to the cells, the material-cell adhesion
breaks at the weakest part, and the cells are detached. It has been reported that the
weakest binding point is actually inside the cells rather than between the surface of
the substrate and the ECM. As for the improvement of biomaterial design strategies,
it is important to facilitate the adsorption step of cell adhesion with the surface of
biomaterials, while ensuring that minimum shearing force is applied, to break the
material—cell adhesion interface binding. The strength of deformation force is gen-
erated at the interface. In each biomaterial—cell/tissue interface, the binding break-
ing force is different. In addition to controlling the biomaterial adsorption behavior
on the material surface, it is important to match the mechanical properties between
the material and the biological tissue, in order to maintain the intermolecular bind-
ing properties. Ideal biomaterials with intelligence should be able to generate self-
organizing and self-governing functionality at their interface with surrounding host
tissues. Activation of host tissue—biomaterial interaction and long-term functional
retention are also key performance indicators.

Besides mechanical properties, examination of the intracellular interactions
between the biomaterial implants and the surrounding tissue cells also requires bio-
chemical analysis. Infection-reducing components must not interfere with the phys-
icochemical properties of the biomaterial. On the other hand, the biomaterial
activities should not be inactivated by the patient’s innate immune response.
Therefore, elucidation of various biomarkers for performance evaluation is needed.
The recent development of nucleic acid-based microarray analysis has made it pos-
sible to examine in a timely manner the gene expression level of surrounding cells
interacting with the biomaterial. However, with the emerging research in regenera-
tive medicine and tissue engineering, at present, the correlation between the gene
expression profile of cultured cells in vitro and the gene expression of implantation
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surrounding tissues in vivo of the patient’s body has not been confirmed. At the
same time, many studies have reported the optimal culture conditions for inducing
functional expression of cells on scaffold biomaterials. In order to resolve the occur-
rence of infections after long-term implantation, recent reports have shown that it is
possible to examine the effectiveness of infection-reducing agents in biomaterials
by various tests. The problem that remains to be addressed is the need for conduct-
ing an evaluation of the infection-reducing properties not only at the time of manu-
facture but also after long-term implantation. Current methods for evaluating
long-term exposure to the in vivo environment and the long-lasting infection-
reducing activity of the biomaterial after implantation have still not been fully stud-
ied. As the nature of the interface determines the function of the biomaterial to a
large extent, strategic designing of interface with more advanced functions such as
sensing or exerting bioactivity and stimuli responsiveness is needed. The strategic
design of interface properties and functionalities between biomaterials and sur-
rounding tissue cells is considered to be a major development, namely, the intelli-
gentization of the interface.

Approach from various disciplines could be employed for the design of infection-
reducing biomaterials, including chemical and physical methods for alteration of
material composition, surface treatment; biomedical methods such as construction
of drug releasing materials; molecular biology approach such as using functional
proteins. Recent reports have shown that biomaterials releasing drugs such as
bisphosphonates, statins, and parathyroid hormone could facilitate bone metabolism.

Summary and Outlook

The reliability of retrospective studies on the rate of infection after prosthesis
implantations might be compromised because of individual variability among
patients and differences in other aspects (operative time, surgical techniques, blood
transfusions, operating room, etc.), which are factors that have a major impact on
the infection process. For the same reason, the analysis of implantation registration
center data may also lead to biased conclusions given the lack of information about
biomaterial-associated infections. It is clear that we need to find a more scientific
method to assess the capacity of biomaterials’ resilience to infection. In the future,
for long-term implantation with intelligent biomaterials, multidisciplinary collabo-
rations of epidemiology, etiology, surgery, microbiology, infectious disease, and
pharmacology should be promoted to conduct in-depth research on the diagnosis
and treatment of biomaterial-associated infections and to fully combine the exper-
tise of materials chemistry and physics research with that of industry.
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