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Introduction: Surgical site infection remains a devastating and feared
complication of surgery caused mainly by Staphylococcus aureus (S. aureus).
More specifically, methicillin-resistant S. aureus (MRSA) infection poses a serious
threat to global health. Therefore, developing new antibacterial agents to address
drug resistance are urgently needed. Compounds derived from natural berries
have shown a strong antimicrobial potential.

Methods: This study aimed to evaluate the effect of various extracts from two
arctic berries, cloudberry (Rubus chamaemorus) and raspberry (Rubus idaeus),
on the development of an MRSA biofilm and as treatment on a mature MRSA
biofilm. Furthermore, we evaluated the ability of two cloudberry seed-coat
fractions, hydrothermal extract and ethanol extract, and the wet-milled
hydrothermal extract of a raspberry press cake to inhibit and treat biofilm
development in a wound-like medium. To do so, we used a model strain and
two clinical strains isolated from infected patients.

Results: All berry extracts prevented biofilm development of the three MRSA
strains, except the raspberry press cake hydrothermal extract, which produced a
diminished anti-staphylococcal effect.

Discussion: The studied arctic berry extracts can be used as a treatment for a
mature MRSA biofilm, however some limitations in their use exist.
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Introduction

Surgical site infection (SSI) is a devastating and feared
complication of surgery. Before the antibiotic era the mortality
rate from surgical infection remained extremely high. The risk for
SSI remains important, especially in cases in which prosthetic-
implanted materials are used. Such cases require antibiotic
therapy, longer post-operative hospital stays, additional surgical
procedures, treatment in intensive care units and can be associated
with a higher mortality (Awad, 2012; Weiser et al., 2016). The
global development of antibiotic resistance demands and requires
us to find new solutions and methods to treat these infections such
as the use of implants and sutures made of or coated with
materials with antimicrobial properties (Leaper and Ousey,
2015). Moreover, the number of surgical procedures is
increasing around the world (Weiser et al., 2016) and,
accordingly, leads to a greater number of SSIs (Awad, 2012;
Leaper and Ousey, 2015). In addition, incidence varies
depending upon the type of procedure and the country in which
it was performed (Saeed et al., 2015).

Staphylococcus aureus (S. aureus) is the most common
microbe resulting in SSIs (Zarb et al., 2012). Among the
isolated S. aureus SSI strains, a high percentage stem from
methicillin-resistant S. aureus (MRSA) (Bhattacharya et al,
2016; Sganga et al., 2016). Interestingly, MRSA infections
require up to a 5-day longer hospitalization compared with
those caused by sensitive strains (Engemann et al, 2003),
translating to higher healthcare costs (Rubin et al., 1999). SSI is
considered a biofilm-related infection (Edmiston et al., 2015).
Hence, any potential biofilm development of an infecting
pathogen at the surgical site is necessary for the infection to
establish itself, and, consequently, any anti-biofilm properties are
essential to various treatment approaches.

The increasing MRSA resistance (Vestergaard et al., 2019) and
reports of reduced susceptibility (Appelbaum, 2007) as well as
complete resistance to glycopeptides (Szymanek-Majchrzak et al.,
2018) all point towards the urgency in identifying alternative
therapies for SSI. Plant extracts contain powerful molecules
against this bacterium, e.g. Phyllanthus emblica and Lycium
shawii (Tayel et al, 2018). As such, Nordic berry extracts,
particularly those from the family Rosaceae, genus Rubus
(Puupponen-Pimii et al., 2005) and bilberry (Vaccinium myrtillus
L.) (Burdulis et al., 2009), are interesting from this point of view.
Previous studies have shown that antioxidants from arctic berry
extracts such as ellagitannins have an antimicrobial effect on MRSA
strains (Aguilera-Correa et al., 2021; Puupponen-Pimii et al., 2021;
Suriyaprom et al., 2022). Most of these studies have been conducted
with collection strains showing less genetic variability than clinical
strains isolated from infected patients and assessing antimicrobial
capacity using a single methodology. Therefore, this study aimed to
evaluate the effect of several berry extracts, namely, cloudberry
(Rubus chamaemorus L.) and raspberry (Rubus idaeus L.), on
MRSA biofilm development and as a potential treatment for a
mature biofilm.
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Materials and methods
Bacteria

We used three SSI-related MRSA strains isolated in the
Department of Clinical Microbiology at the Fundacion Jimeénez
Diaz University Hospital: the model strain (SAP 231) (Plaut et al.,
2013) a strain of MRSA USA300 genetically modified to produce
stably bioluminescence, and two clinical MRSA strains isolated
from the infected wound of a 73-year-old male (MRSA1) and from
the paronychia of a 92-year-old male (MRSA2), respectively. All
strains were kept frozen at -80°C until the experiments
were performed.

Berry material

We evaluated a cloudberry seed-coat fraction [hydrothermal
extract (CBSHE) and ethanol extract (CBSEE)], and a raspberry
press cake wet-milled hydrothermal extract (RBHE).

The cloudberry material originated from Kiantama Oy
(Suomussalmi, Finland) as a dry press cake consisting of the
berry skin, flesh fractions and seeds as the major components.
The press cake was stored at +15°C until processed, as described
elsewhere (Aguilera-Correa et al., 2021; Puupponen-Pimid
et al., 2021).

Briefly, the skin and flesh fractions were removed using a
vibrator sieve shaker, and the outermost layers of the cloudberry
seeds were detached by sanding using an abrasive machine. The
seed-coat powder obtained was stored frozen until used for the
preparation of the hydrothermal and ethanol extracts.

For the raspberry, we used the press cake, a residue from juice
and jam production. The press cake consisted primarily of the seeds
and was stored frozen until ground. Briefly, the raspberry press cake
was wet-milled twice using Masuko Sangyo’s MKZA10-15]
Supermass collider. The grinding stone was a standard type
MKGA10-46 made of aluminum oxide, with a rotation speed of
1500 rpm. The gap between the stones was 0.8 mm during the first
pass and 0.3 mm during the second pass. The consistency of the
berry material was 23.7%, resulting in a raspberry seed slurry, which
was stored frozen until used for extraction.

Extraction and refinement of the active
berry components

Hydrothermal extraction

The hydrothermal extraction of the cloudberry seed-coat
fraction (CBSHE) was previously described in detail by
Puupponen-Pimid et al (Suriyaprom et al, 2022). Briefly, for
extraction, the dry seed-coat powder was mixed with water (1:20,
w/v) and extracted for 1 h at 80°C. The suspension was filtered and
extraction was repeated using the residue. The filtrates were pooled,
freeze-dried and the extract was stored frozen.
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The wet-milled raspberry slurry was liquid and, therefore,
mixed with water at a ratio of 1:10 (w/v). The suspension was
extracted for 1 h at 80°C and collected (RBHE) as described above
for the cloudberry seed-coat fraction.

Ethanol extraction

For ethanol extraction, a dry cloudberry seed-coat fraction
(CBSEE) was added to 80% EtOH (12:100, w/v). The ethanol was
heated to 50°C before adding the cloudberry fraction, and the
suspension was extracted for 1 min using a magnetic stirrer. The
suspension was centrifuged for 15 min at 3000 rpm at room
temperature, after which the extraction and separation of the
phases were repeated twice using pellets. The supernatants were
pooled and EtOH was evaporated in a Rotavapor at 35°C. The solid
extract was removed from a Rotavapor using a few drops of water,
frozen and then freeze-dried.

Biofilm development studies

The biofilm development studies were carried out using the
three above-mentioned strains. An overnight culture of each
bacterium was grown in a tryptic soy agar (BioMeérieux, France)
at 37°C and 5% CO,. For each strain, 10° colony-forming units
(CFU)/ml was resuspended in saline (B. Braun, Germany). Next,
100 pL of this suspension were incubated at 37°C and 5% CO, for
90 min in static conditions in a Nunc' " 96-well polypropylene
MicroWell ™ plate (Thermo Fisher Scientific, USA). After
incubation, and medium removal, each well was washed twice
with 100-pL of saline. Thereafter, in each well 150 pL of tryptic
soy broth with 0.5% glucose as biofilm inductive growth medium
was added (Aguilera-Correa et al,, 2019), and inoculated with or
without each extract (positive control) at different concentrations
(32, 16 and 8 mg/mL, respectively), and incubated at 37°C and 5%
CO, for 24 h. Following incubation, each well was rinsed twice with
100-UL of saline, and, thereafter, 150-UL of tryptic soy broth with
10% of alamarBlue (BIO-RAD) (Pettit et al., 2005) was added and
incubated at 37°C and 90 rpm for 30 min (Peeters et al., 2008). After
incubation, the fluorescence was measured using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm.
This experiment was performed in eight wells per extract
concentration and completed in triplicate for each strain (n = 24).

Effect of berry extracts on preformed biofilm

To develop a mature biofilm, 10° CFU/ml of each strain was
resuspended in saline (B. Braun, Germany). Next, 100 pL of this
suspension were incubated at 37°C and 5% CO, for 90 min in static
conditions in a Nunc' " 96-well polypropylene MicrowWell ™ plate
(Thermo Fisher Scientific, USA). After incubation, each well was
rinsed twice with 100-uL saline and 150-pL tryptic soy broth with
0.5% glucose with or without (positive control) each extract at
different concentrations (32, 16 and 8 mg/mL, respectively) and,
thereafter, incubated at 37°C and 5% CO, for 24 h. Following
incubation, each well was rinsed twice with 100-uL saline and 150-
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UL tryptic soy broth with 10% alamarBlue (BIO-RAD) (Pettit et al.,
2005) and, then, incubated at 37°C and 90 rpm for 30 min (Peeters
et al, 2008). After incubation, the fluorescence was measured using
an excitation wavelength of 560 nm and an emission wavelength of
590 nm. This experiment was performed in eight wells per extract in
triplicate for each strain (n = 24).

Effect of berry extracts on MRSA growth

The most active berry extract to inhibit biofilm development
and to treat the mature MRSA biofilm from both previous
experiments was used in this experiment. As such, 4 ml of
Miieller-Hinton broth (Sigma Aldrich, United States) with or
without (positive control) each extract was distributed in a well
from a 12-well polypropylene plate (Thermo Fisher Scientific, USA)
along with 200 uL of a 10° CFU/ml from each MRSA strain in saline
per well. These were then incubated at 37°C and 5% CO, for 24 h.
The bacterial viability was periodically measured at 1, 3, 6, 12 and
24 h, respectively, by taking a sample of 100 pL from each well and
mixing it with 100-uL Mieller-Hinton broth supplemented with
20% of alamarBlue to reach a final concentration of 10% alamarBlue
in a well from a Nunc' " 96-well polypropylene Microwell ™ plate.
The plate was incubated at 37°C at 90 rpm for 30 min. Next,
fluorescence was measured using an excitation wavelength of 560
nm and an emission wavelength of 590 nm following incubation.
After the last measurement at 24 h, CFU per milliliter was estimated
using the drop-plate method (Esteban et al., 2008) on mannitol salt
agar plates. This experiment was performed in triplicate for each
strain (n = 3).

The effect of berry extracts on biofilm
development in a wound-like medium

The most effective concentration of the berry extract to inhibit
biofilm development and to treat the mature MRSA biofilm from
the previous experiments was used in this experiment. Biofilm
development in a wound medium relies on a modification of the
Lubbock chronic wound medium previously described (Sun et al.,
2008; DelLeon et al.,, 2014). A wound-like medium is composed of
45% Bolton broth (Sigma-Aldrich, Spain), 50% bovine plasma
(Sigma-Aldrich, Spain), 5% laked horse red blood cells (Fisher
Scientific, United States), supplemented with one lyophilized BD
BBL™ coagulase plasma and with or without (positive control) the
berry extract concentration. Next, 1 ml of each kind of wound-like
medium was distributed in a well from a 12-well polypropylene
plate (Thermo Fisher Scientific, USA) along with 50 uL of a 10°
CFU/ml from each MRSA strain in saline per well and incubated at
37°C and 5% CO, for 24 h. Following incubation, the content of
each well was sonicated in a 50-mL CornStar ' conical tube
(Corning Inc., United States) with 10-mL saline, using an
Ultrasons-H 3000840 low-power bath sonicator (J. P. Selecta,
Spain) at 22°C for 5 min (Esteban et al., 2008). This sonicated SS
was serially diluted with saline and adhered CFU was estimated
using the drop-plate method (Herigstad et al., 2001) on mannitol
salt agar plates. This experiment was performed in triplicate for
each strain (n = 3).
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Statistical analysis

All statistical analyses were performed using Stata Statistical
Software, Release 11 (StataCorp, 2009). Data were evaluated
using a one-sided Wilcoxon nonparametric test to compare
two groups. We considered p < 0.05 statistically significant.
Results are presented as the median and interquartile
range (IQR).

Results

The effect of berry extracts on
biofilm development

CBSHE, CBSEE and RBHE showed a concentration-dependent
inhibitory effect on MRSA biofilm development (Figure 1). Yet, for
CBSEE, we detected no difference when comparing a concentration of
32 mg/mL or 16 mg/mL for any of the strains studied. All of the extracts
produced a statistically significant reduction in the development of
biofilms for the three MRSA strains, except RBHE which appeared to
increase the development of SAP 231 biofilms by 35%.

At concentrations of 32 mg/mL and 16 mg/mL, CBSHE resulted
in the largest reduction to the biofilm formation of the three MRSA
strains, from 80.3-86.4% and 79.6-87.8%, respectively, compared
with 78.3-83.7% and 78.4-84.1% for CBSEE and 59.6-80.2% and
16.8-83.4% for RBHE. Finally, at 8 mg/mL, CBSEE reduced the
biofilm development for the three MRSA strains by 66-81.3%,
CBSHE reduced development by 56.7-81.5% and RBHE by 50-80%.

Biofilm treatment using berry extracts

Most of the berry extracts showed an inhibitory concentration-
dependent effect as a treatment on a mature MRSA biofilm (Figure 2).
CBSHE decreased mature biofilm growth of the three MRSA strains by
83.9-91.5% at 32 mg/mL, by 47.8-79.9% at 16 mg/mL and by 28.1-
57.7% at 8 mg/mL when compared with the control. CBSEE decreased
mature biofilm growth by 67.4-80.7% at 32 mg/mL, by 40.4-74.7% at
16 mg/mL and by 33.4-78.9% at 8 mg/mL. RBHE decreased the
biofilm growth of SAP 231 by 33.7-74.9% at 32 mg/mL and by 16.5%
at 8 mg/mL. However, at lower concentrations, RBHE increased the
biofilm growth of MRSA1 and MRSA2 by 2.6-4.8% at 16 mg/mL and
by 5.6-29.1 and 80%, respectively, at 8 mg/mL. Thus, RBHE was not
included in further analyses.

The effect of berry extracts on
MRSA growth

CBSHE emerged as the most active of the berry extracts,
showing a bactericidal concentration-dependent effect and
significantly capable of decreasing the bacterial concentration.
The best bactericidal concentration for all MRSA strains was
found at 32 mg/mL (Figure 3).
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The effect of berry extracts on biofilm
development in a wound-like medium

As shown in Figure 4, CBSHE macroscopically inhibited the
coagulation of a wound-like medium compared with control samples
in the three MRSA strains. The effects of CBSHE on biofilm development
in a wound-like medium appear in Figure 5. As can be seen, at 32 mg/mL
CBSHE significantly inhibited the biofilm development of MRSA1 and
MRSA2 by 91.1% and 37.8%, respectively.
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FIGURE 1

The effect of berry seed extracts on the biofilm development of
SAP 231 (A), MRSAL (B) and MRSA2 (C). FI: fluorescence intensity.
*p < 0.05, **p < 0.01, ***p < 0.001 for the Wilcoxon test. After
24 h of biofilm development, each well was rinsed twice with
saline, and, thereafter, tryptic soy broth with 10% of alamarBlue
was added and incubated at 37°C and 90 rpm for 30 min. After
incubation, the fluorescence was measured using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm.
This experiment was performed in eight wells per extract

concentration and completed in triplicate for each strain (n = 24).
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FIGURE 2

The effect of berry seed extracts on a 24-h biofilm growth of SAP 231
(A), MRSA1 (B) and MRSA2 (C). FI, fluorescence intensity. ***p < 0.001
for the Wilcoxon test. After 24 h of biofilm growth, each well was rinsed
twice with saline, and, thereafter, tryptic soy broth with 10% of
alamarBlue was added and incubated at 37°C and 90 rpm for 30 min.
After incubation, the fluorescence was measured using an excitation
wavelength of 560 nm and an emission wavelength of 590 nm. This
experiment was performed in eight wells per extract concentration and
completed in triplicate for each strain (n = 24).

Discussion

In this study, we report our findings on the ability of three berry
extracts to prevent the biofilm development of methicillin-resistant
Staphylococcus aureus (MRSA) using two different in vitro methods:
biofilm development in tryptic-soy broth supplemented with 0.5%
glucose and in a wound-like medium.

Based on our results, two cloudberry extracts (CBSHE and
CBSEE) could prevent the biofilm development of the three MRSA
strains we evaluated. The raspberry press cake hydrothermal extract
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provided a reduced anti-staphylococcal effect (Figure 1). Notably,
we found that lower concentrations of this less active extract
showed an unexpected opposite effect on the MRSA biofilm
development, that is, 8 mg/mL of RBHE increased SAP 231
biofilm development by 35.4%. This finding is consistent with
other reports, which assert that anti-staphylococcal compounds
are found in raspberry blossoms (Pishgar and Makhfian, 2019).
This antimicrobial ability may come from both the high phenolic
concentrations and low concentrations of ascorbic acid which have
been recently reported in the raspberry leaf buds (Krzepitko et al.,
2021). Furthermore, this phenomenon also indicates that it is
necessary to also check the inter-strain effects, since each strain
may show a dramatically different response to various
concentrations and berry extracts (Nohynek et al., 2006). In
addition, cloudberry seed extracts showed a high effect on MRSA
biofilm development (Figure 1). This effect was concentration-
dependent in all three MRSA strains since the highest
concentration of the berry extract (32 mg/mL) associated with the
highest inhibition of biofilm development (by 78.4-91.1%).

In our experiments, we tested approximately 1-3% berry
extracts (8-32 mg/mL). These concentrations are significantly
higher compared with antibiotic concentrations in systemic use,
which fall in the mg/L range. This can be justified in several ways.
First, antibiotics intended for topical use often consist of high
concentrations (up to 3%), and we assume that berry extracts will
be topical as well. The search, however, continues for individual
active compounds isolated from these extracts, which could be as
effective at a much lower concentration. Cloudberry contains citric
and malic acids, o-tocopherol, anthocyanins and B-carotene. The
main group of phenolic compounds in cloudberry are ellagitannins
~3 g kg™' (fw) and the content of anthocyanins is comparatively
low (0.02 g kg™", fw). The total ellagic acid content in dried leaves
and fresh fruits of cloudberry is 70 g kg™' and 0.6 g kg™’
respectively. The total phenolic content in fruits is 2.2-3 g kg™’
(fw), which can be assumed to represent mainly the ellagitannin
content (Jaakkola et al., 2012). Finally, we are working with
substances including phytochemicals like quercetin, chlorogenic
acid and arbutin that may provide other benefits to humans,
including their antioxidant attributes (Nohynek et al., 2006).

The effect of these berry extracts on treating a mature biofilm
was slightly lower than their effect on biofilm development for the
most anti-staphylococcal extracts. Analogous to our observation
related to the inhibition of biofilm development, the cloudberry
extract showed a higher anti-biofilm concentration-dependent
effect than the raspberry hydrothermal extract. Once again, the
latter showed an unexpected null or opposite effect on biofilm
growth. This is due to one of the well-known inherent
characteristics of bacterial biofilms, produced by extracellular
polymeric substances, since this growth form confers resistance to
nonspecific and specific host defenses during infection and confers
a tolerance to an enormous plethora of antimicrobial agents
(Flemming and Wingender, 2010).

Our results are in agreement with those of other researchers
in the sense that cloudberry extracts can exhibit a bacteriocidic
effect (Nohynek et al., 2006; Vucic et al,, 2013) resulting from the
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FIGURE 3
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Growth curves (left column) and bacterial concentration (right column) of SAP 231 (A, B), MRSAL (C, D) and MRSA2 (E, F) in the presence of different
concentrations of CBSHE. FI: fluorescence intensity. *p < 0.05 for the Wilcoxon test. Growth curves (left column) were performed by taking a
sample of 100 pL of Mueller-Hinton broth with or without (positive control) each extract and mixing it with 100-uL Mueller-Hinton broth
supplemented with 20% of alamarBlue, incubating at 37°C at 90 rpm for 30 min, and measuring the fluorescence at excitation/emission wavelength
of 560/590 nm, respectively. Bacterial concentration (right column) was estimated after the last fluorescence measurement at 24 h, CFU per

milliliter was estimated using the drop-plate method on mannitol salt agar plates. This experiment was performed in triplicate for each strain (n

antimicrobial activity of ellagitannins (Nohynek et al., 2006;
Truchado et al,, 2015), which may provoke the inhibition of

extracellular microbial enzymes, depriving the substrates
required for microbial growth (Silva et al,, 2016; Diaz-Nunez

et al., 2021). This bacteriocidic effect may also reflect a direct
action on microbial metabolism through an inhibition of

oxidative phosphorylation or metal/iron deprivation (Scalbert,

1991; Nohynek et al., 2006).

FIGURE 4

Macroscopic view of a wound-like medium with SAP 231 without (A)

or with 32 mg/mL of CBSHE (B).
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for 24 h, sonicated and quantified using the drop-plate method. This

experiment was performed in triplicate for each strain (n = 3).
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Surgical site infections are often superficial, whereby the skin
interacts with other damaged adjacent tissues and blood (Ki and
Rotstein, 2008). As such, it is necessary to corroborate our anti-
staphylococcal effect by using a medium with a composition closer to
a real infection such as a wound-like medium (Peeters et al., 2008).
This medium represents a realistic in vitro biofilm model simulating
the functional characteristics of chronic pathogenic biofilms, allowing
for the development of effective tools for treating such infections (Sun
et al., 2008). Interestingly, the presence of the cloudberry seed extract
prevented the coagulation of a wound-like medium. This may result
from at least two related reasons. First, the extracts can interact with
plasminogen and block its conversion from plasminogen to plasmin
through staphylococcal coagulases (Cheng et al., 2010). This point is
supported by research which concluded that only gallic acid-derived
tannins can strongly interact with thrombin (Li et al., 2018). Second,
the extracts at 32 mg/mL of CBSHE can exert a bacteriostatic or
slightly bacteriocidic effect in a wound-like medium which reduces
coagulase production in both situations.

Conclusions

In summary, hydrothermal (CBSHE) and ethanol (CBSEE)
extracts derived from arctic cloudberry (Rubus chamaemorus)
seeds significantly inhibited MRSA biofilm formation and could
be used as a treatment for a mature MRSA biofilm. Nevertheless,
although they have a promising future, none of the extracts
completely inhibited the development of a methicillin-resistant
Staphylococcus aureus biofilm nor can they be used as a
preventive treatment for surgical sites. Further studies are needed
to elucidate the true molecular mechanisms of the observed
inhibition and the effect of these extracts on cell growth.

Data availability statement

The original contributions presented in the study are included
in the article/supplementary material. Further inquiries can be
directed to the corresponding authors.

References

Aguilera-Correa, J. J., Fernandez-Lopez, S., Cufas-Figueroa, I. D., Pérez-Rial, S.,
Alakomi, H. L., Nohynek, L., et al. (2021). Sanguiin h-6 fractionated from cloudberry
(Rubus chamaemorus) seeds can prevent the methicillin-resistant staphylococcus
aureus biofilm development during wound infection. Antibiotics 10 (12), 1481. doi:
10.3390/antibiotics10121481

Aguilera-Correa, J. J., Madrazo-Clemente, P., Martinez-Cuesta M del, C,, Pelaez, C,, Ortiz,
A., Dolores Sanchez-Nifio, M., et al. (2019). Lyso-Gb3 modulates the gut microbiota and
decreases butyrate production. Sci. Rep. 9 (1), 12010. doi: 10.1038/s41598-019-48426-4

Appelbaum, P. C. (2007). Reduced glycopeptide susceptibility in methicillin-
resistant staphylococcus aureus (MRSA). Int. J. Antimicrob. Agents 30 (5), 398-408.
doi: 10.1016/j.ijjantimicag.2007.07.011

Awad, S. S. (2012). Adherence to surgical care improvement project measures and
post-operative surgical site infections. Surg Infect (Larchmt) 13, 4, 234-237.
doi: 10.1089/sur.2012.131

Frontiers in Cellular and Infection Microbiology

10.3389/fcimb.2023.1176755

Author contributions

JJA-C, RP-P, RP-T and TJK contributed to the conception and
design of the study. JJA-C created and managed the database. JJA-C
performed the statistical analyses. JJA-C, RP-P, RP-T and TJK
wrote the first draft of the manuscript. JJA-C, LN, H-LA, JE, K-
MO-C, RPP, RP-T and TJK wrote sections of the manuscript. All
authors contributed to revising, reviewing and approved the version
of the manuscript submitted.

Funding

The research presented in the manuscript has got public
funding from Business Finland and from internal funding of VTT
and Helsinki University Hospital. J.E. received travel grants from
Pfizer and conference fees from Biomérieux and Heraeus. The
funders had no role in the design of the study; in the collection,
analyses, or interpretation of data; in the writing of the manuscript,
or in the decision to publish the results.

Conflict of interest

Authors LN, H-LA, K-MO-C, RP-P are employed by VIT
Technical Research Centre of Finland Ltd.

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Bhattacharya, S., Pal, K., Jain, S., Chatterjee, S. S., and Konar, J. (2016). Surgical site
infection by methicillin resistant staphylococcus aureus- on decline? J. Clin. Diagn. Res.
10 (9), DC32-DC32. doi: 10.7860/JCDR/2016/21664.8587

Burdulis, D., Sarkinas, A., Jasutieng, I, Stackevicene, E., Nikolajevas, L., and Janulis,
V. (2009). Comparative study of anthocyanin composition, antimicrobial and
antioxidant activity in bilberry (Vaccinium myrtillus 1.) and blueberry (Vaccinium
corymbosum L.) fruits. Acta Pol. Pharm. 66 (4), 399-408.

Cheng, A. G., McAdow, M., Kim, H. K,, Bae, T., Missiakas, D. M., and Schneewind,
0. (2010). Contribution of coagulases towards staphylococcus aureus disease and
protective immunity. PloS Pathog. 6 (8), 19-20. doi: 10.1371/journal.ppat.1001036

DeLeon, S., Clinton, A., Fowler, H., Everett, J., Horswill, A. R,, and Rumbaugh, K. P.
(2014). Synergistic interactions of pseudomonas aeruginosa and staphylococcus aureus
in an In vitro wound model. Infect. Immun. 82 (11), 4718-4728. doi: 10.1128/
TAI.02198-14

frontiersin.org


https://doi.org/10.3390/antibiotics10121481
https://doi.org/10.1038/s41598-019-48426-4
https://doi.org/10.1016/j.ijantimicag.2007.07.011
https://doi.org/10.1089/sur.2012.131
https://doi.org/10.7860/JCDR/2016/21664.8587
https://doi.org/10.1371/journal.ppat.1001036
https://doi.org/10.1128/IAI.02198-14
https://doi.org/10.1128/IAI.02198-14
https://doi.org/10.3389/fcimb.2023.1176755
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Aguilera-Correa et al.

Diaz-Nuifiez, J. L., Garcia-Contreras, R., and Castillo-Juarez, 1. (2021). The new
antibacterial properties of the plants: quo vadis studies of anti-virulence
phytochemicals? Front. Microbiol. 12, 667126. doi: 10.3389/fmicb.2021.667126

Edmiston, C. E., McBain, A. J., Roberts, C., and Leaper, D. (2015). Clinical and
microbiological aspects of biofilm-associated surgical site infections. Adv. Exp. Med.
Biol. 830, 47-67. doi: 10.1007/978-3-319-11038-7_3

Engemann, J. J., Carmeli, Y., Cosgrove, S. E., Fowler, V. G., Bronstein, M. Z., Trivette,
S. L., et al. (2003). Adverse clinical and economic outcomes attributable to methicillin
resistance among patients with staphylococcus aureus surgical site infection. Clin.
Infect. Dis. 36 (5), 592-598. doi: 10.1086/367653

Esteban, J., Gomez-Barrena, E., Cordero, J., Martin-de-Hijas, N. Z., Kinnari, T. J.,
and Fernandez-Roblas, R. (2008). Evaluation of quantitative analysis of cultures from
sonicated retrieved orthopedic implants in diagnosis of orthopedic infection. J. Clin.
Microbiol. 46 (2), 488-492. doi: 10.1128/JCM.01762-07

Flemming, H. C., and Wingender, J. (2010). The biofilm matrix. Nat. Rev. Microbiol.
8 (9), 623-633. doi: 10.1038/nrmicro2415

Herigstad, B., Hamilton, M., and Heersink, J. (2001). How to optimize the drop plate
method for enumerating bacteria. J. Microbiol. Methods 44 (2), 121-129. doi: 10.1016/
S0167-7012(00)00241-4

Jaakkola, M., Korpelainen, V., Hoppula, K., and Virtanen, V. (2012). Chemical
composition of ripe fruits of rubus chamaemorus 1. grown in different habitats. J. Sci.
Food Agric. 92 (6), 1324-1330. doi: 10.1002/jsfa.4705

Ki, V., and Rotstein, C. (2008). Bacterial skin and soft tissue infections in adults: a
review of their epidemiology, pathogenesis, diagnosis, treatment and site of care. Can. J.
Infect. Dis. Med. Microbiol. 19, 846453. doi: 10.1155/2008/846453

Krzepiltko, A., Prazak, R., and éwigcih), A. (2021). Chemical composition,
antioxidant and antimicrobial activity of raspberry, blackberry and raspberry-
blackberry hybrid leaf buds. Molecules 26, 327. doi: 10.3390/molecules26020327

Leaper, D., and Ousey, K. (2015). Evidence update on prevention of surgical site
infection. Curr. Opin. Infect. Dis. 28 (2), 158-163. doi: 10.1097/
QCO.0000000000000144

Li, Q. Q. Yang, Y. X, Qv, J. W, Hu, G, Hu, Y. J, Xia, Z. N,, et al. (2018).
Investigation of interactions between thrombin and ten phenolic compounds by affinity
capillary electrophoresis and molecular docking. J. Anal. Methods Chem. 2018, 1-8. doi:
10.1155/2018/6532789

Nohynek, L. J., Alakomi, H. L., Kdhkénen, M. P., Heinonen, M., Helander, 1. M.,
Oksman-Caldentey, K. M., et al. (2006). Berry phenolics: antimicrobial properties and
mechanisms of action against severe human pathogens. Nutr. Cancer 54 (1), 18-32.
doi: 10.1207/s15327914nc5401_4

Peeters, E., Nelis, H. J., and Coenye, T. (2008). Comparison of multiple methods for
quantification of microbial biofilms grown in microtiter plates. J. Microbiol. Methods 72
(2), 157-165. doi: 10.1016/j.mimet.2007.11.010

Pettit, R. K., Weber, C. A., Kean, M. J., Hoffmann, H., Pettit, G. R., Tan, R, et al.
(2005). Microplate alamar blue assay for staphylococcus epidermidis biofilm
susceptibility testing. Antimicrob. Agents Chemother. 49 (7), 2612-2617. doi:
10.1128/AAC.49.7.2612-2617.2005

Pishgar, E., and Makhfian, M. (2019). The evaluation of five plant extracts inhibitory
potential against bacterial quorum sensing of staphylococcus aureus. J. Arak Univ. Med.
Sci. 22 (2), 11-21.

Plaut, R. D., Mocca, C. P., Prabhakara, R., Merkel, T. J., and Stibitz, S. (2013). Stably
luminescent staphylococcus aureus clinical strains for use in bioluminescent imaging.
PloS One 8 (3), €59232. doi: 10.1371/journal.pone.0059232

Frontiers in Cellular and Infection Microbiology

08

10.3389/fcimb.2023.1176755

Puupponen-Pimid, R., Nohynek, L., Alakomi, H. L., and Oksman-Caldentey, K. M.
(2005). Bioactive berry compounds - novel tools against human pathogens. Appl.
Microbiol. Biotechnol. 67 (1), 8-18. doi: 10.1007/s00253-004-1817-x

Puupponen-Pimid, R., Nohynek, L., Suvanto, J., Salminen, J. P., Seppinen-Laakso,
T., Téhtiharju, J., et al. (2021). Natural antimicrobials from cloudberry (Rubus
chamaemorus) seeds by sanding and hydrothermal extraction. ACS Food Sci.
Technol. 1 (5), 917-927. doi: 10.1021/acsfoodscitech.0c00109

Rubin, R. J., Harrington, C. A., Poon, A., Dietrich, K., Greene, J. A., and Moiduddin,
A. (1999). The economic impact of staphylococcus aureus infection in new York city
hospitals. Emerg. Infect. Dis. 5 (1), 9-17. doi: 10.3201/eid0501.990102

Saeed, M. J., Dubberke, E. R., Fraser, V. ], and Olsen, M. A. (2015). Procedure-
specific surgical site infection incidence varies widely within certain national healthcare
safety network surgery groups. Am. J. Infect. Control 43 (6), 617. doi: 10.1016/
j.ajic.2015.02.012

Scalbert, A. (1991). Antimicrobial properties of tannins. Phytochemistry. 30 (12),
3875-3883. doi: 10.1016/0031-9422(91)83426-L

Sganga, G., Tascini, C., Sozio, E., Carlini, M., Chirletti, P., Cortese, F., et al. (2016).
Focus on the prophylaxis, epidemiology and therapy of methicillin-resistant
staphylococcus aureus surgical site infections and a position paper on associated risk
factors: the perspective of an Italian group of surgeons. World J. Emergency Surg. 11 (1),
1-13. doi: 10.1186/s13017-016-0086-1

Silva, L. N., Zimmer, K. R., Macedo, A. J., and Trentin, D. S. (2016). Plant natural
products targeting bacterial virulence factors. Chem. Rev. 116 (16), 9162-9236.
doi: 10.1021/acs.chemrev.6b00184

Sun, Y., Dowd, S. E., Smith, E., Rhoads, D. D., and Wolcott, R. D. (2008). In vitro
multispecies Lubbock chronic wound biofilm model. Wound Repair Regeneration 16
(6), 805-813. doi: 10.1111/j.1524-475X.2008.00434.x

Suriyaprom, S., Mosoni, P., Leroy, S., Kaewkod, T., Desvaux, M., and Tragoolpua, Y.
(2022). Antioxidants of fruit extracts as antimicrobial agents against pathogenic
bacteria. Antioxidants (Basel) 11 (3), 602. doi: 10.3390/antiox11030602

Szymanek-Majchrzak, K., Mlynarczyk, A., and Mlynarczyk, G. (2018).
Characteristics of glycopeptide-resistant staphylococcus aureus strains isolated from
inpatients of three teaching hospitals in Warsaw, Poland. Antimicrob. Resist. Infect.
Control 7 (1), 105. doi: 10.1186/s13756-018-0397-y

Tayel, A. A,, Shaban, S. M., Moussa, S. H,, Elguindy, N. M., Diab, A. M., Mazrou, K. E.,
et al. (2018). Bioactivity and application of plant seeds” extracts to fight resistant strains of
staphylococcus aureus. Ann. Agric. Sci. 63 (1), 47-53. doi: 10.1016/j.20a5.2018.04.006

Truchado, P., Larrosa, M., Castro-Ibanez, 1., and Allende, A. (2015). Plant food
extracts and phytochemicals: their role as quorum sensing inhibitors. Trends Food Sci.
Technol. 43 (2), 189-204. doi: 10.1016/j.tifs.2015.02.009

Vestergaard, M., Frees, D., and Ingmer, H. (2019). Antibiotic resistance and the
MRSA problem. Microbiol. Spectr. 7 (2). doi: 10.1128/microbiolspec. GPP3-0057-2018
; Vucdi¢, D. M., Petkovi¢, M. R,, Rodi¢c-Grabovac, B. B., Stefanovi¢, O. D., Vasi¢, S. M., and
Comic, L. R. (2013). Antibacterial and antioxidant activities of bilberry (Vaccinium myrtillus
L) in vitro. African J. Microbiol. Res. 7 (4), 5130-5136. doi: 10.5897/AJMR2013.2524

Weiser, T. G., Haynes, A. B., Molina, G, Lipsitz, S. R., Esquivel, M. M., Uribe-Leitz,
T., et al. (2016). Size and distribution of the global volume of surgery in 2012. Bull.
World Health Organ 94 (3), 201. doi: 10.2471/BLT.15.159293

Zarb, P., Coignard, B., Griskeviciene, J., Muller, A., Vankerckhoven, V., Weist, K.,
et al. (2012). The european centre for disease prevention and control (ECDC) pilot
point prevalence survey of healthcare-associated infections and antimicrobial use.
Eurosurveillance 17 (46), 1-16. doi: 10.2807/ese.17.46.20316-en

frontiersin.org


https://doi.org/10.3389/fmicb.2021.667126
https://doi.org/10.1007/978-3-319-11038-7_3
https://doi.org/10.1086/367653
https://doi.org/10.1128/JCM.01762-07
https://doi.org/10.1038/nrmicro2415
https://doi.org/10.1016/S0167-7012(00)00241-4
https://doi.org/10.1016/S0167-7012(00)00241-4
https://doi.org/10.1002/jsfa.4705
https://doi.org/10.1155/2008/846453
https://doi.org/10.3390/molecules26020327
https://doi.org/10.1097/QCO.0000000000000144
https://doi.org/10.1097/QCO.0000000000000144
https://doi.org/10.1155/2018/6532789
https://doi.org/10.1207/s15327914nc5401_4
https://doi.org/10.1016/j.mimet.2007.11.010
https://doi.org/10.1128/AAC.49.7.2612-2617.2005
https://doi.org/10.1371/journal.pone.0059232
https://doi.org/10.1007/s00253-004-1817-x
https://doi.org/10.1021/acsfoodscitech.0c00109
https://doi.org/10.3201/eid0501.990102
https://doi.org/10.1016/j.ajic.2015.02.012
https://doi.org/10.1016/j.ajic.2015.02.012
https://doi.org/10.1016/0031-9422(91)83426-L
https://doi.org/10.1186/s13017-016-0086-1
https://doi.org/10.1021/acs.chemrev.6b00184
https://doi.org/10.1111/j.1524-475X.2008.00434.x
https://doi.org/10.3390/antiox11030602
https://doi.org/10.1186/s13756-018-0397-y
https://doi.org/10.1016/j.aoas.2018.04.006
https://doi.org/10.1016/j.tifs.2015.02.009
https://doi.org/10.1128/microbiolspec.GPP3-0057-2018
https://doi.org/10.5897/AJMR2013.2524
https://doi.org/10.2471/BLT.15.159293
https://doi.org/10.2807/ese.17.46.20316-en
https://doi.org/10.3389/fcimb.2023.1176755
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Reduction of methicillin-resistant Staphylococcus aureus biofilm growth and development using arctic berry extracts
	Introduction
	Materials and methods
	Bacteria
	Berry material
	Extraction and refinement of the active berry components
	Hydrothermal extraction
	Ethanol extraction

	Biofilm development studies
	Effect of berry extracts on preformed biofilm
	Effect of berry extracts on MRSA growth
	The effect of berry extracts on biofilm development in a wound-like medium

	Statistical analysis

	Results
	The effect of berry extracts on biofilm development
	Biofilm treatment using berry extracts
	The effect of berry extracts on MRSA growth
	The effect of berry extracts on biofilm development in a wound-like medium

	Discussion
	Conclusions
	Data availability statement
	Author contributions
	Funding
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


