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a b s t r a c t 

Growing antimicrobial resistance and the resilience of biofilm infections have led researchers to study the 

potential of antimicrobial combinations, including those incorporating enzymes with biofilm-disrupting 

abilities. This work aimed to evaluate the journey of antimicrobial–enzyme combination research and 

to gain insights into its current status and most promising leads. Expert curators annotated and anal- 

ysed all published experimental data on enzyme-containing combinations for two major biofilm-forming 

pathogens, namely Pseudomonas aeruginosa and Staphylococcus aureus. This entailed the construction of 

the first publicly accessible online database on antimicrobial–enzyme combinations, the Antimicrobial En- 

zyme Combinations Database ( https://www.ceb.uminho.pt/aecd ). Gathered data were also reconstructed 

as knowledge networks to help analyse and visualise annotated entities (e.g. enzymes, methods, strains, 

combination outputs). The database currently holds 122 and 206 annotated combinations for P. aerugi- 

nosa and S. aureus , respectively, and their analysis allowed a systematic review of the available evidence 

on enzyme combinations, reliably illustrating the studies being performed. The most tested enzymes (e.g. 

lysozyme, DNase, lysostaphin) were scrutinised and the rationale behind each combination was explained. 

This research area is still growing although current research gaps/opportunities were identified, such as 

lack of biofilm testing and studies on polymicrobial scenarios. Hopefully, this work will shed light on the 

synergistic potential of enzyme combinations and alleviate some of the time- and resource-consuming 

tasks related to enzyme combination research by helping the selection and design of new enzyme-related 

therapeutic options for P. aeruginosa and S. aureus infections. 

© 2019 Elsevier B.V. and International Society of Chemotherapy. All rights reserved. 
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1. Introduction 

The growing number of nosocomial infections associated with

the emergence of antimicrobial-resistant micro-organisms has

been recognised as a major concern affecting modern health care

[1] . This problem becomes worse when micro-organisms switch

from a planktonic to a sessile lifestyle and live as biofilms, mi-

croconsortia of surface-adhering cells enclosed in a self-produced

matrix of extracellular polymeric substances such as polysaccha-

rides, proteins and extracellular DNA (eDNA) [2] . Once established,

biofilms are less susceptible to antimicrobial treatment and the

host immune system than their planktonic counterparts, making

biofilm-related nosocomial infections a burden to public health

systems [3] . 
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To prevent or treat bacterial infections, a wide range of antibi-

tics have been extensively used in clinical practice. However, their

veruse, inappropriate selection, dosing and inadequate duration of

pplication may be at the root of microbial resistance development

4] . Great efforts have been directed to overcome these problems,

amely the use of alternative natural compounds such as enzymes

5] as well as the design of synergistic antimicrobial combinations

6] . 

One of the many promising strategies involving enzymes is

heir use to disturb biofilm formation by targeting the compounds

nvolved in bacterial adhesion or the polymers in the biofilm

atrix. For example, given the role of proteins and glycoproteins

n the adhesion of many fouling organisms, proteases are the

ost tested and successful enzymes used in the control of marine

iofouling [7] . Proteolytic enzymes, such as lysostaphin, proteinase

, trypsin and serratiopeptidase, have been investigated in the

ght against biofilm infections [8–10] . For example, in the clinical
rved. 
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ontext, lysostaphin has been the subject of great interest to

ght methicillin-resistant Staphylococcus aureus (MRSA) because

f its ability to cleave the cross-linking pentaglycine bridges of

he cell wall of these bacteria [11] . Polysaccharide-degrading

nzymes, such as lysozyme, alginate lyase and dispersin B, are

lso widely explored. Lysozyme can damage the bacterial cell wall

y catalysing the hydrolysis of peptidoglycan [12] , whilst alginate

yase is able to degrade the matrix-constituting polysaccharide

lginate [13] . Another well-studied matrix-disruptive enzyme

s dispersin B, a glycoside hydrolase able to degrade poly- N -

cetylglucosamine (PNAG), an important matrix polysaccharide

14,15] . eDNA is another important matrix component, which

akes the enzyme DNase I a promising alternative to inhibit,

isperse or even increase biofilm susceptibility to antimicrobials.

n fact, this enzyme has already been used in the therapy of

atients suffering from cystic fibrosis [16] . 

Another enzyme-based strategy that is currently being ex-

lored to control biofilms includes the use of enzymes that

egrade quorum-sensing (QS) signal molecules. QS is a bacterial

ell–cell communication process that regulates many physiological

ctivities, including the expression of virulence factors and biofilm

ormation [17] . The use of enzymes able to inhibit bacterial

S systems therefore holds great potential as an antimicrobial

herapy. N -acyl-homoserine lactones (AHLs) are one of the most

dentified signal molecules produced by Gram-negative bacteria.

nzymes able to degrade these molecules will thus compromise

r even abolish QS-regulated functions [18] . 

A different and indirect enzymatic strategy to control biofilms

elies on the use of enzymes to produce biocides that actively in-

erfere with bacterial attachment. Enzymes commonly used in this

trategy include glucose oxidase, hexose oxidase [19] and haloper-

xidases [20] . Oxidases are used because they produce hydrogen

eroxide, whilst haloperoxidase catalyses the formation of hypo-

alogenic acid, both with potential cytotoxic effects [21] . 

Nevertheless, the use of enzymes, especially those whose

nique target is the biofilm matrix, can fall short in eradicating

nfections if the dispersed bacteria originating from the disrupted

iofilm remain viable and are able to colonise another area. There-

ore, the combination of enzymes with antimicrobials can both ef-

ectively disperse the biofilm and kill the biofilm-forming bacteria.

ntimicrobial combinations, such as enzyme–antimicrobial combi-

ations, are currently one of the major antimicrobial research lines

s they hold several advantages over single antimicrobial use, such

s an increase in the antimicrobial spectrum, prevention of resis-

ance, a reduction in toxicity and side effects, and the attainment

f synergistic activity [22] . 

Given the existing panoply of enzyme-based antimicrobial and

ntibiofilm approaches, the main aim of this work was to curate

nd analyse experimental data on enzyme-incorporating combina-

ions tested against Pseudomonas aeruginosa and S. aureus , aim-

ng to highlight the most relevant enzyme combination strategies

or each micro-organism, mainly in biofilm and in vivo scenarios.

o complete this, the first publicly accessible online database on

ntimicrobial–enzyme combinations was constructed, in which all

ata are deposited and available in an organised and searchable

ashion. In addition, all data were reconstructed as species-specific

nowledge networks, which aided data structuring and analysis by

llowing a condensed and organised visualisation of this high vol-

me of data. 

. Materials and methods 

.1. Information retrieval 

To extract information from the scientific literature regarding

ntimicrobial combination studies with enzymes targeting P. aerug-
nosa and S. aureus , an in-house dictionary of relevant enzymes for

hese bacteria was built based on the expertise at that time. Next,

he scope of the PubMed queries was narrowed to experiments

entioning at least one of these enzymes, the name of the bacte-

ia, and any term variants denoting common agent combinations

e.g. synergy, antagonism, chequerboard). Although most queries

ere constructed to be as specific as possible, e.g. ( Staphylococ-

us aureus OR S. aureus OR MRSA OR MSSA OR aureus ) AND (lysin

R endolysin OR ‘murein hydrolase’) AND (synerg ∗ OR antagon 

∗

R additive ∗ OR indifferen 

∗ OR FIC OR FICI OR checkerboard OR

ime + kill), the authors chose to also use less specific queries,

.g. ( Pseudomonas aeruginosa OR P. aeruginosa ) AND enzyme ∗ AND

combined OR combination) AND (biofilm OR matrix), to guaran-

ee that all enzymes and therefore all relevant documents were in-

luded in the analysis. All enzymes used in the queries are listed

n Supplementary Table S1. 

Next, the relevance of each retrieved document was assessed,

.e. papers describing experimental testing of enzymes combined

ith other agents against one of the bacteria of interest were

arked as relevant. This was followed by the annotation of rele-

ant information, namely entities of interest (e.g. enzymes, drugs),

ombination outcome (e.g. synergism, antagonism), organisms

 P. aeruginosa and S. aureus ), strains (e.g. PAO1, ATCC 25923),

ode of growth (e.g. biofilm, planktonic) and experimental meth-

ds [e.g. minimum inhibitory concentration (MIC), colony-forming

nits (CFU)], on the full-text documents. 

.2. Data organisation and presentation 

The annotated combinations were categorised as ‘synergy’,

additiveness’, ‘indifference’ and ‘antagonism’. Other categories, 

amed ‘synergy/additiveness’, ‘additiveness/indifference’ and ‘an- 

agonism/indifference’, were also used to denote non-conclusive

esults. This categorisation was performed as in past works [23,24] .

riefly, annotation of the combination category was primarily

ased on the textual descriptions presented in the papers; how-

ver, two main standard definitions were used to assess the

ombination category for those studies where harmonisation of

he drawn conclusions was needed, namely those recommended

or in vitro testing through chequerboard assay and time–kill

urves [22,25] . All entities of interest were classified as either

drugs’, ‘antimicrobial peptides’ (AMPs), ‘enzymes’ or ‘other’, resort-

ng to the consultation of specialised databases, namely DrugBank

 https://www.drugbank.ca/ ), the Antimicrobial Peptide Database

 http://aps.unmc.edu/AP/main.php ) and KEGG Enzyme Database

 https://www.genome.jp/kegg/annotation/enzyme.html ). All data 

ere reconstructed as networks and were analysed using Cy-

oscape and Excel. All of the annotated data were made publicly

vailable in our newly constructed Antimicrobial Enzyme Combina-

ions Database (AECD) ( https://www.ceb.uminho.pt/aecd ), the first

ver antimicrobial–enzyme combinations database. All data were

ransformed into JSON format and the online database was con-

tructed using Visual Studio software and HTML, CSS, JavaScript

nd jQuery programming languages. 

. Results and discussion 

.1. Database overview 

The curated information on experimentally tested combinations

f enzymes with other agents towards P. aeruginosa and S. aureus

s publicly accessible at a database constructed for this effect, the

ECD. Currently, the AECD contains a total of 122 and 206 combi-

ations, correspondingly retrieved from 54 and 71 articles study-

ng P. aeruginosa and S. aureus , respectively, but its content is dy-

amic and updatable so that it can include more combinations and

https://www.drugbank.ca/
http://aps.unmc.edu/AP/main.php
https://www.genome.jp/kegg/annotation/enzyme.html
https://www.ceb.uminho.pt/aecd
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Antimicrobial Enzyme Combinations Database
www.ceb.uminho.pt/aecd

A DYNAMIC SELECTION OPTIONS

TABLE SEARCH PANEL

TABLE FROM SELECTION
B 

Fig. 1. Schematisation of the search flow available in the Antimicrobial Enzyme Combinations Database (AECD). Users go through (A) a selection flow in which they specify 

the micro-organism, enzyme and second agent of interest. When hitting ‘Search’, the database automatically outputs (B), a table containing all annotated data for that search. 

Users can then search keywords within the table in the search panel. In this figure, the exemplified table shows the combination of two enzymes, acylase and α-amylase, 

tested on Pseudomonas aeruginosa . 
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micro-organisms in the near future. Database users are allowed to

do more or less defined searches depending on their specific in-

terests. Specifically, users are presented with a unidirectional flow

of three different selection options, where they can specify (or not,

for which they can choose the option ‘all’) their micro-organism,

enzyme and combined agent of interest ( Fig. 1 A). After selection,

a table containing all the annotated data on the specified com-

bination(s) is automatically generated ( Fig. 1 B), with information

ranging from the specified enzymes, second agents and micro-

organisms to strains, methods, modes of growth, among other cu-

rated data. Users can then search within the generated table for

keywords of interest (e.g. biofilm, synergy), further restricting their

search this way ( Fig. 1 B). As a bonus, the database also provides

more information content, such as the current database statistics

and a brief explanation on the importance of enzyme combination

studies. 

To annotate all of the information presented in this work, a sig-

nificant curation effort was made, including the analysis of a total

of 488 and 472 documents for P. aeruginosa and S. aureus , respec-

tively, with 11–15% classified as relevant for the annotation of en-

zyme combination information ( Table 1 ). This low relevance rate is

the result of the lack of standardisation in terms of abstract con-

struction and of the absence of ontologies, i.e. formal designations

and definitions, within the particular domain of antimicrobial com-

binations and/or enzyme research. In addition, the use of a few,

yet less specific, queries, as stated in Section 2.1 contributed to

these percentages. This analysis shows that effort s are required to

ameliorate both writing, which should comprise the development

of an ontology, and presentation of scientific publications, aiming

at a common standard within a given field of study so that the
ime-consuming task of scientific bibliome analysis is cut down to

 minimum. 

When analysing the retrieved documents, it was interesting to

bserve that the number of documents regarding enzyme combi-

ations has risen in the last years (Supplementary Fig. S1), indi-

ating an increasing interest in the study of antimicrobial combi-

ations using enzymes. This is probably linked to the escalating

ntimicrobial resistance that has been reported in the past years,

hich antimicrobial combinations may help prevent and overcome

6] . 

In terms of the secondary agents, i.e. the compounds com-

ined with the enzymes, almost one-half of them were classified

s drugs, followed by AMPs, other compounds and enzymes, in

escending order (Supplementary Fig. S2). Most tested drugs are

ntibiotics currently used in clinical practice, such as ciprofloxacin

nd tobramycin for P. aeruginosa , and vancomycin and oxacillin

or S. aureus . This observation indicates a propensity for these

ombination studies to attempt to improve the effectiveness of

nown compounds and possibly overcome resistance phenomena

y combining them with enzymes. Indeed, this antibiotic repur-

osing strategy is a current research approach that evolved as a

esponse to the reduction in investment into finding new antimi-

robials, being a cost-effective way to improve the efficacy of al-

eady clinically approved drugs [26] . 

In terms of the methodology used to evaluate the effectiveness

f the combinations in the analysed studies, it was interesting to

bserve that most did not exploit standard antimicrobial combi-

ation tests, such as the time–kill assay, chequerboard assay or

test [22] . In fact, time–kill assays were used in only 2.7% and 5.0%

f cases for P. aeruginosa and S. aureus , respectively. In turn, the
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Table 1 

Overview of the annotated data on enzyme combinations against Pseudomonas aeruginosa and Staphylococcus aureus . 

Organism No. of 

relevant 

documents a 

No. of 

annotated 

combinations 

Top three 

enzymes b 
Top three 

non-enzyme agents b 
Combination 

category c , d 
Top three methods b Top three modes 

of growth b 

P. aeruginosa 54 (11%) 122 Lysozyme (24%) Tobramycin (8.1%) Synergy (48%) Cell viability (CFU) 

(30%) 

Planktonic (51%) 

DNase (19%) Ciprofloxacin (5.8%) Additiveness (11%) Crystal violet assay 

(8.2%) 

Biofilm (36%) 

Alginate lyase 

(13%) 

LL-37, EDTA (4.7% 

each) 

Indifference (29%) MIC (6.7%) In vivo (6.6%) 

Antagonism (12%) 

S. aureus 71 (15%) 206 Lysozyme (19%) Vancomycin (6.5%) Synergy (50%) Cell viability (CFU) 

(27%) 

Biofilm (21%) 

Lysostaphin, 

endolysin (15% 

each) 

Gentamicin (3.0%) Additiveness (9.2%) Chequerboard assay 

(18%) 

In vivo (8.8%) 

Oxacillin (2.4%) Indifference (22%) Bacterial growth 

(OD) (10%) 

Biofilm (21%) 

Antagonism (18%) 

CFU, colony-forming units; MIC, minimum inhibitory concentration; OD, optical density. 
a % is relative to the total number of analysed documents. 
b % is relative to the total sum of the respective non-repeated entities per PMID. 
c % is relative to the total number of annotated combinations. 
d The combination categories ‘synergy/additiveness’ and ‘additiveness/indifference’ were included in the categories ‘synergy’ and ‘additiveness’, respectively, for calculation 

purposes. 
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hequerboard assay was present in only 2.7% and 18% of the tested

ombinations for the same bacteria, with no Etests being used in

ny of the analysed studies. This non-standard use of antimicro-

ial combination methodologies, and subsequent different outcome

nterpretations throughout the analysed studies, raises concerns

egarding the validity and comparativeness of the drawn conclu-

ions. As they lack specific combination interpretation rules and

hresholds, non-standard tests for enzyme–antimicrobial combina-

ions (e.g. MIC, microscopy analysis) need to be carefully used, es-

ecially in what is related to data analysis and combination out-

ome interpretation in order to guarantee conclusion validity and

omparability. 

As stated, biofilms are known to be the mode of growth of

a. 80% of human bacterial infections [27] and their eradica-

ion can require up to a thousand times greater antibiotics than

heir planktonic counterparts [28] . Despite this, most of the anal-

sed studies tested enzyme combinations on planktonic bacteria,

ith only 21–36% using biofilms as the mode of bacterial growth

 Table 2 ). Although planktonic testing is practical and informative,

tudies should entail a higher level of biofilm testing in order to

etter mimic a real-life infection scenario. Following biofilms, in

ivo testing was the least used bacterial growth scenario, repre-

enting 6.6–8.8% of the annotated combinations. Although in vivo

iofilm testing is generally recommended, since these biofilms can

reatly differ from in vitro biofilms owing to complex pathogen–

ost interactions, most studies do not use this approach, probably

s a result of the various ethical and practical issues (e.g. costs,

easibility) that arise with animal experimentation [29] . 

.2. Enzyme combinations targeting Pseudomonas aeruginosa 

The most annotated enzyme for P. aeruginosa , both generally

nd in in vivo scenarios, was lysozyme, as best represented in

he networks depicted in Fig. 2 A and 2 C. This enzyme exerts its

ntibacterial function by catalysing the breakdown of the bac-

erial cell wall through hydrolysis of the 1,4- β-linkage between

he monosaccharides N -acetyl-muramic acid (NAM) and N -acetyl-

 -glucosamine (NAG) that comprise peptidoglycan, and through a

on-enzymatic mode of action that consists of the induction of

ore formation in the bacterial membrane. This conserved antimi-
robial protein is ubiquitous to the animal kingdom, being a major

layer in the innate immune system and inflammatory response

30] . In mammals, this enzyme is found in blood, secretions such

s tears, urine, saliva and milk, mucosal surfaces and phagocytes

30] . These traits properly justify why lysozyme was one of the

ost combined enzymes ( Table 2 ), especially in vivo, and why

ost studies consistently used this enzyme throughout the years

Supplementary Fig. S1). Most likely, its ubiquity in the host makes

t less likely for any toxic or secondary effects to appear, and its

nflammation-modulating ability greatly helps in infection eradica-

ion and resolution. In vivo, lysozyme was mainly tested on models

f P. aeruginosa lung infection combined with tobramycin (8.3%),

hich is a well-known antibiotic used to treat Gram-negative in-

ections, namely those caused by this bacterium. The mechanism

f action of tobramycin is mostly at the intracellular level and con-

ists of disrupting protein synthesis [31] . Its action can be thus fa-

ilitated if the bacterial membrane barrier is compromised, justi-

ying its combination with lysozyme. Sadly, so far no synergistic

utcomes were observed between the two agents in vivo. 

Other enzymes combined in vivo against P. aeruginosa include

Nase, α-amylase, and acylase ( Table 2 ). α-Amylase catalyses the

ydrolysis of polysaccharides such as starch, glycogen and oth-

rs [32] , including those present in the biofilm matrix [33,34] . On

he other hand, acylase is involved in the hydrolysis of N -acylated

mino acids by removing the acyl side chain [35] , with similar ac-

ivity as AHLs, thus targeting QS [34] . Interestingly, amylase and

cylase were combined with each other, which proved to be a

romising strategy since their combination resulted in a positive

synergy/additiveness) outcome against P. aeruginosa in vivo in-

ection scenarios, as well represented in the network depicted in

ig. 2 C. 

Regarding P. aeruginosa biofilm scenarios, DNase was the most

ombined enzyme, followed by alginate lyase ( Table 2 ). It is well

nown that the matrix is a critical constituent of biofilms as it

rovides mechanical stability, mediating bacterial adhesion to sur-

aces and making a consistent, three-dimensional polymer network

hat interconnects and transiently immobilises biofilm cells [2] . Al-

inate is a matrix polysaccharide that contributes to the mucoid

tructure of P. aeruginosa biofilms and plays a role in bacterial

irulence and persistence in lung infections, making this polymer

n important target in medical research [13] . eDNA, on the other



602 P. Jorge, D. Alves and M.O. Pereira / International Journal of Antimicrobial Agents 53 (2019) 598–605 

Table 2 

Overview of the annotated data on enzyme combinations tested against Pseudomonas aeruginosa and Staphylococcus aureus biofilms and in vivo scenarios. 

Mode of 

bacterial 

growth 

Species No. of 

relevant 

documents 

No. of com- 

binations 

Combination 

outcomes a 
Top three enzymes Top three non-enzyme agents Top three methods 

P. aeruginosa 22 34 

Synergy (70%) DNase (29%) Ciprofloxacin (15%) Cell viability (CFU) (29%) 

Indifference (17%) Alginate lyase (14%) Tobramycin (11%) Crystal violet assay (21%) 

Additiveness (5.6%) 

Antagonism (8.3%) 

Glycosyl hydrolase PslG 

(7.1%) 

Piperacillin/tazobactam (7.4%) LIVE/DEAD assay (8.8%) 

Biofilm 

S. aureus 17 39 

Synergy (79%) 

Indifference (15%) 

Additiveness (5.1%) 

Antagonism (0%) 

Dispersin B (19%) 

Lysostaphin (12%) 

DNase, amylase, endolysins, 

proteinase K, 

serratiopeptidase (7.7% each) 

Vancomycin, oxacillin (12% 

each) 

Linezolid (8.0%) 

Cell viability (CFU) (35%) 

Crystal violet assay (23%) 

CLSM (12%) 

In vivo 

P. aeruginosa 4 7 

Synergy (29%) 

Additiveness (57%) 

Antagonism (14%) 

Indifference (0%) 

Lysozyme (33%) 

Amylase, DNase, acylase, 

lysozyme variant 2-3-7 (17% 

each) 

Tobramycin (50%) 

DNA, Tet009 (25% each) 

Cell viability (CFU) (29%) 

Inflammatory index, 

bacterial burden, 

LIVE/DEAD assay, crystal 

violet assay, fluorescence 

microscopy (14% each) 

S. aureus 7 11 

Synergy (73%) 

Indifference (27%) 

Additiveness, 

antagonism (0% each) 

Endolysins (50%) 

Lysostaphin (25%) 

Serratiopeptidase, dispersin 

B (13% each) 

Vancomycin (25%) 

Acticoat TM , daptomycin, 

levofloxacin, nafcillin, oxacillin, 

ranalexin (13% each) 

Cell viability (CFU) (75%) 

Survival rate (25%) 

–

CFU, colony-forming units; CLSM, confocal laser scanning microscopy. 
a Presented in descending order. 

Fig. 2. Pseudomonas aeruginosa enzyme combination networks: (A) overview of the complete network; (B) subnetwork for enzyme combinations tested against biofilms; 

and (C) subnetwork for enzyme combinations tested in vivo. Node and label size are directly proportional to the degree of connectivity (number of connected edges). Edge 

colours correspond to different combination categories: green, synergy and synergy/additiveness; yellow, additiveness and additiveness/indifference; grey, indifference; and 

red, antagonism. Node shapes correspond to different type of agents: diamonds, enzymes; circles, non-enzyme agents. 
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hand, is important for biofilm structure since it is responsible for

binding biopolymers in the matrix through attractive, short-range

acid–base interactions [36] . Given the role of the substrates of both

enzymes, most studies took advantage of their catalytic activities

to dismantle the biofilm matrix and cause biofilm dispersal. The-

oretically, this outcome makes bacterial cells more easily acces-

sible to the action of the combined antimicrobial agent, which,
n the case of these enzymes tested on biofilms, included mostly

rugs (70%) (e.g. ciprofloxacin, piperacillin/tazobactam) and AMPs

25%) (e.g. G10KHc, microcin S) ( Fig. 2 B). Furthermore, most of

hese biofilm-targeting combinations were classified as synergis-

ic (75%) or additive (20%) ( Fig. 2 B), demonstrating the potential

or the use of these enzymes in combinatorial therapies against

iofilm-related infections. 
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Fig. 3. Staphylococcus aureus enzyme combination networks: (A) overview of the complete network; (B) subnetwork for enzyme combinations tested against biofilms; and 

(C) subnetwork for enzyme combinations tested in vivo. Node and label size are directly proportional to the degree of connectivity (number of connected edges). Edge 

colours correspond to different combination categories: green, synergy and synergy/additiveness; yellow, additiveness and additiveness/indifference; grey, indifference; and 

red, antagonism. Node shapes correspond to different type of agents: diamonds, enzymes; circles, non-enzyme agents. 
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In turn, the third most combined enzyme against P. aeruginosa

iofilms was PslG ( Table 2 ), a glycosyl hydrolase that is involved

n the synthesis of the key biofilm matrix exopolysaccharide Psl

37] , but with degrading activity towards Psl and probably other

atrix exopolysaccharides when introduced exogenously or over-

xpressed, thus causing biofilm dispersal [38] . PslG was mainly

ombined with drugs (75%) (ciprofloxacin and tobramycin), the

MP colistin (13%) and neutrophils (13%), with 75% of the out-

omes being of synergy, as seen in the network shown in Fig. 2 B. 

.3. Enzyme combinations targeting Staphylococcus aureus 

Similarly to P. aeruginosa , lysozyme was the most tested en-

yme against S. aureus ( Table 1 ). However, contrary to what was

bserved for P. aeruginosa , lysozyme did not have a predominant

ole in combination testing against biofilms or in vivo scenarios for

. aureus ( Table 2 ), being mostly tested on planktonic cultures, as

hown in the networks depicted in Fig. 3 . 

Regarding biofilm scenarios, the most combined enzyme was

ispersin B, a glycoside hydrolase produced by Actinobacillus acti-

omycetemcomitans with biofilm-dispersing ability through the

egradation of PNAG, an important matrix polysaccharide neces-

ary for biofilm formation [14,15] . Dispersin B was mainly com-

ined with drugs (67%) (e.g. rifampicin, triclosan), but also the

MP KSL-W (17%) and the antimicrobial silver dressing Acticoat TM 

17%), with synergistic outcomes in all cases. The second most

ombined enzyme against S. aureus biofilms was lysostaphin

 Table 2 ). This enzyme is a class III bacteriocin usually produced

y another staphylococcal species, Staphylococcus simulans, that

atalyses the hydrolysis between glycine residues constituting the

eptidoglycan cross-bridges [39] . 
Overall, lysostaphin biofilm-targeting combinations solely in- 

luded intracellularly acting antibiotics (oxacillin, linezolid and

ancomycin) ( Fig. 3 B). The rationale behind the use of this enzyme

s thus the same as for lysozyme. Other enzymes tested against S.

ureus biofilms included amylase, proteinase K, DNase, endolysins

nd serratiopeptidase ( Table 2 ). Proteinase K and serratiopeptidase

re proteolytic enzymes able to cause biofilm dispersal by de-

rading proteins responsible for biofilm establishment (e.g. S. au-

eus surface proteins). Interestingly, however, serratiopeptidase has

een reported to show proteolytic-independent antistaphylococcal

ctivity [10] . Endolysins, in turn, are peptidoglycan hydrolases nat-

rally produced by bacteriophages that are able to disrupt the bac-

erial membrane [40] . These five different enzymes were mainly

ombined with antibiotic drugs (69%), such as rifampicin and van-

omycin, achieving overall synergistic outcomes (88%), as corrobo-

ated by the network in Fig. 3 B. 

In turn, endolysins were the most combined type of enzymes

sed in S. aureus in vivo testing ( Table 2 ). Most endolysins demon-

trate near species specificity, which is a great advantage since it

voids selective pressure on commensal populations [40] , making

hem beneficial when tested in vivo. The fact that these enzymes

nd their combinations were overall preferably tested against S. au-

eus (15%) ( Table 1 ) rather than P. aeruginosa (4.8%) is linked to the

igher peptidoglycan accessibility in Gram-positive bacteria as it

onstitutes the outer part of the bacterial membrane, facilitating

nzyme action. In vivo combinations using endolysins were over-

ll synergistic (75%) and involved mostly drugs (88%) (e.g. nafcillin,

ancomycin), as depicted in Fig. 3 C. These positive outcomes, es-

ecially considering that most were obtained in MRSA in vivo sce-

arios, strengthen the value of using endolysin combinations to

reat S. aureus -related infections. Alongside endolysins, lysostaphin
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was the second most tested enzyme, followed by the enzymes

serratiopeptidase and dispersin B, whose relevance to these studies

is mentioned above. 

4. Conclusions 

Analysis of the systematically annotated information presented

in this work was able to paint a picture of the types of studies

being performed regarding enzyme combinations towards P. aerug-

inosa and S. aureus infections. Some shortcomings in terms of ex-

perimental design and methodology were pointed out, such as the

lack of biofilm and in vivo testing and the use of non-standard

combination tests. This analysis was accompanied by the examina-

tion of the most tested enzymes and combined agents, including

those used in biofilm and in vivo experimentation for each bac-

terial species. Annotated enzymes pertained to different types of

functions, namely matrix-degrading enzymes (e.g. DNase, alginate

lyase, dispersin B), cell wall hydrolases (e.g. lysozyme, lysostaphin)

and QS inhibitors (e.g. acylase), demonstrating the multiplicity of

antibiofilm and anti-infective potential that lays in this very di-

verse class of biomolecules. 

At this point, and as perceived by the gathered data, enzyme

combination research is still growing, with many showing promis-

ing results. For example, great potential to fight polymicrobial in-

fections may be present in those enzymes that so far have only

been effectively tested against both bacteria in single-species cul-

tures but show synergistic combination outcomes in biofilm and

in vivo settings, such as DNase and amylase. This would be clearly

advantageous given the multispecies nature of most real-life in-

fections. As the number of annotated enzymes tested against both

species is still low, showing a current gap in this field of research,

this can be regarded as an opportunity to catalyse enzyme combi-

nation studies towards biofilm-related infection treatment. 

All of the gathered data are publicly available online in the

AECD ( https://www.ceb.uminho.pt/aecd ) in a searchable format

with the hope that they will help researchers to cut down both

on the time and effort spent in the design of novel and promis-

ing enzyme combination therapies against P. aeruginosa and S. au-

reus infections. This database will undergo continuous updating in

order to include new, experimentally validated enzyme combina-

tions tested against not only P. aeruginosa and S. aureus but also

other new and relevant pathogens. 
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