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Antibiotic carry overis a
confounding factor for cell-based
antimicrobial research applications

Miran Yousri Elfar!, Helen Louise Brown?*?, Aled Clayton? & Phil Stephens?

Chronic wounds often host pathogens like Staphylococcus aureus, prompting interest in developing
new antimicrobial and wound healing strategies, including the utilisation of extracellular vesicles
(EVs). Whilst there has been a recent emphasis within the EV community to ensure standardization
of characterization and isolation techniques, there has been less focus placed on the upstream tissue
culture methodologies used for collection of vesicle-containing conditioned medium (CM). Hence,
this study investigated the antimicrobial properties of the CM used for EV enrichment. CM exhibited
bacteriostatic effects against penicillin-sensitive S. aureus NCTC 6571, but not penicillin-resistant S.
aureus 1061 A. Further analysis revealed that the antimicrobial activity was due to residual antibiotics
rather than cell-secreted factors, specifically the retention and release of penicillin to tissue culture
plastic surfaces. Pre-washing cells and minimizing antibiotic concentrations in basal medium reduced
this carry-over effect. These findings emphasize the importance of controlling antibiotic use in tissue
culture to avoid misleading conclusions about the antimicrobial potential of CM or EVs. Researchers
should carefully consider medium selection and supplementation during method development as
accurately determining the antimicrobial mechanisms of any CM is essential for validating future cell-
based therapeutic applications.
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Antimicrobial resistance (AMR) is a global threat and causes significant morbidity and mortality. Recent
estimates predict that AMR will continue to rise, with those over 70 most at risk and the largest increase in
AMR-associated mortality expected within South East Asia, Latin America and the Caribbean'. Nosocomial
opportunistic infections are often caused by members of the normal microbiome, including Staphylococcus
aureus, with wound infection comprising a third of all nosocomial infections?. Within chronic wounds, S. aureus
and coagulase-negative Staphylococcus species, such as Staphylococcus epidermidis, are commonly isolated from
wounds, identified both within wounds clinically diagnosed as infected (symptomatic infection) and those
with no clinical symptoms of infection (asymptomatic)*?. Studies suggest that AMR genes are common within
S. aureus isolates originating from wounds®~’, with significant effort now being focused on developing novel
antimicrobial strategies to combat these infections.

Against this background, the therapeutic potential of extracellular vesicles (EVs) and cell secreted products
is increasingly being recognized, in varied contexts. Host-derived EV's are able to stimulate reparative processes
and have also been shown to have antimicrobial properties®. Indeed, much has previously been reported on
the antimicrobial and wound healing properties of stem cell EVs®~!1. The field of EV research has exploded in
popularity over the last decade!?, with many research groups realizing the potential of EVs, originating from
both the host and infectious agents, as biomarkers, therapeutics or biological drivers of pathology. Whilst there
has been a recent emphasis within the EV community to ensure standardization of characterization and isolation
techniques (summarized recently in'>'¥):, there has been less focus placed on the upstream tissue culture
methodologies used for collection of vesicle-containing conditioned medium (CM). Antibiotic supplements
are known to be included in many studies in which tissue culture is required as an initial step prior to collecting
materials for downstream processing, such as when isolating EVs.

Although it is widely accepted that the inclusion of antimicrobials within tissue culture system can sometimes
lead to off-target effects, often other considerations drive researchers to include them within their experimental
models. Tissue culture media are a rich and complex source of nutrients which can support the growth of
both the cells they are designed to support, as well as a wide range of microbial species'®. Whilst good aseptic
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technique and the use of biological safety cabinets can minimize the chances of any microbes being introduced
into the tissue culture by the operator, the methods are nonetheless not foolproof. For example, in primary
cell culture, or when large volumes are required, antibiotic/antimycotic inclusion within the medium can be
particularly useful to suppress the growth of any microbial contaminants.

Penicillin and streptomycin, in a dual solution (referred to hereafter as PenStrep) or further combined with
the antimycotic reagent amphotericin B (combined solutions of penicillin, streptomycin and amphotericin B are
referred to hereafter as AA), are a common choice of antibiotics to include in routine tissue culture!®!”. Whilst
antibiotics and antimycotics reduce the possibility of microbial contamination, it has long been known that
they can alter the phenotypic characteristics of cells. Addition of gentamicin to several breast cancer cell lines
increased the production of reactive oxygen species and subsequent DNA damage!®. Transcriptomic analysis
of the liver cell line HepG2 reported that 209 genes were differentially expressed in the presence of PenStrep!s.
Genes with altered expression included several transcription factors, suggesting that gene transcription
alterations in the presence of PenStrep is likely to be widespread and influence multiple pathways. The inclusion
of PenStrep in tissue culture medium altered the action and field potential of cardiomyocytes!® as well as
the electrophysiological properties of hippocampal pyramidal neurones?, highlighting its potential to affect
experimental outcomes. It should be noted that information on the impact of antimicrobials on tissue culture
systems is by no means a new finding, with the work of Metzger et al>! in 1954 demonstrating that fibroblast
growth was reduced in the presence of the tetracycline antibiotic, Terramycin, and complete inhibition of growth
was observed at concentrations of over 3000 ug/ml. Furthermore, when preparing EV stocks, many researchers
use PenStrep as part of their routine cell maintenance protocols even if the PenStrep is absent during the medium
EV conditioning step?2~%.

The basis of this manuscript originated from unanticipated findings, when it was noted that CM collected for
downstream EV enrichment, demonstrated antimicrobial activity against Staphylococcus aureus isolate NCTC
6571 but not to isolates found to have penicillin resistance. The activity was widespread across multiple EV-
donor cells lines, and as such it was investigated if this effect was mediated by EVs or potentially due to the
inclusion of antimicrobials within the routine tissue culture regimen.

Results

CM produced from different cell lines show antimicrobial activity

Initially CM was collected from a number of cell lines to assess potential antibacterial activity. The cell lines
included within this study are listed in Table 1 and included dermal fibroblast cell lines derived from the
healthy skin of three patients (named NHh, NTh and NKh), three patient-matched dermal fibroblast cell lines
derived from venous leg ulcers from the same patients (named WHh, WTh and WKh), and a spontaneously
immortalized human keratinocyte cell line (HaCaT). These seven cell lines were included as they are relevant to
chronic wound research and both keratinocytes and fibroblasts are reported to display antimicrobial activity. An
immortalized human oral mucosal lamina propria-progenitor cell (named 10PCAh) was included as previous

Routine growth medium/
Human immortalised cell lines | Origin conditions Reference
10PCAh Immortalised human oral mucosal lamina propria-progenitor cells »
NHh Immortalised human fibroblasts from healthy leg tissue (patient H) 3
NIh Immortalised human fibroblasts from healthy leg tissue (patient I) 53
NKh Immortalised human fibroblasts from healthy leg tissue (patient K) DMEM, 10% FBS, 1% L 3
WHh Immortalised human fibroblasts from chronic venous wound tissue (patient H) il;‘l:ir:;?;li% Antibiotic/ 53
WIh Immortalised human fibroblasts from chronic venous wound tissue (patient I) | 37 °C+5% CO, 53
WKh Immortalised human fibroblasts from chronic venous wound tissue (patient K) 53
HaCaT Spontaneously transformed human keratinocyte cell line o4
DU145 Prostate carcinoma cell line 5
Bacterial isolates/strains Origin (penicillin resistance status) E‘laec;ie;i:l/ cg;l(‘::lvitt}ilons Reference
S. aureus NCTC 6571 Lab strain susceptible to penicillin ~In house
S. aureus 1061 A Clinical strain resistant to penicillin 56
S. aureus 1004 A Clinical strain resistant to penicillin 56
S. aureus 1038B Clinical strain susceptible to penicillin 6
S. aureus NCTC 4137 Lab strain susceptible to penicillin TSA, TSB, MHB, BHI ~In house
S. aureus NCTC 7791 Lab strain susceptible to penicillin 35°C/37°C+5% CO, ~In house
S. aureus EMRSA-15 Clinical strain resistant to penicillin ~In house
S. epidermidis 1064 A Clinical strain resistant to penicillin 56
S. epidermidis ATCC 12,228 Lab strain susceptible to penicillin ~In house
S. warneri NCTC 5955 Lab strain susceptible to penicillin ~In house

Table 1. A list of cell lines/bacterial strains, their origin and maintenance/growth conditions used within this

study.
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data from the group also showed evidence that the CM from these cells was antimicrobial?’. Finally, an epithelial
cell line derived from a brain metastasis of a patient with advanced prostate cancer (DU145) was included as a
negative control with no previously reported antimicrobial activity. Preparation of this CM included an initial
(48 h) incubation of the cell monolayer in 1% v/v AA containing basal medium (BM*), before switching to AA
and FBS free basal medium for the second (72 h) conditioning step (hereafter this CM is referred to as Routine
CM or CMR). At concentrations of 50% down to 6.25% v/v, CMR from all nine different cell lines demonstrated
significant bacteriostatic activity against penicillin sensitive S. aureus NCTC 6571 relative to the appropriately
diluted AA free basal medium (BM~) control (Fig. 1A; P<0.05, N=3). However, the nine CM® did not show the
same growth inhibition effects against the penicillin resistant clinical isolate S. aureus 1061 A (Fig. 1B; P>0.05,
N=3). A wider screen of staphylococcal isolates also showed the same trend, with the growth of penicillin-
susceptible isolates statistically significantly reduced at higher CM® concentrations (Supp. Figure 1A to H;
P<0.05, N=3).

To investigate the effects of CMR on bacterial attachment, scanning electron microscopy was undertaken.
Compared to BM~ (Fig. 1C) S. aureus NCTC 6571 biomass was notably reduced on exposure to CMR at 50% v/v
(Fig. 1E) whilst for S. aureus 1061 A attachment was still evident (Fig. 1D) compared to control (Fig. 1F). Total
protein secreted by the two bacteria after being treated with different CM® (10PCAh, NIh and WTh; Fig. 1G,
N=3) was also assessed. It was demonstrated that the total protein content of the bacterial supernatants of S.
aureus NCTC 6571 treated with CMR significantly increased relative to the control protein content (P<0.05),
whilst the bacterial supernatants of S. aureus 1061 A showed a significant lowering of protein content relative
to the control (P<0.01). Taken together these data indicate that S. aureus NCTC 6571, but not S. aureus 1061 A
were susceptible to killing by cell produced CMR and the antimicrobial activity observed in S. aureus NCTC 6571
appears to perturb cell integrity, causing leakage of cellular materials into the extracellular milieu. While the CM
from all the cell lines (with the exception of DU145) showed statistically significantly reduced the growth of S.
aureus NCTC 6571 at CMR concentrations of 12.5% v/v and above, the 10PCAh cell line CM showed the highest
inhibition and was so used in all subsequent experiments.

Cellular confluency, pre-washing and sampling time point affect the antimicrobial activity of
the CMR against S. aureus NCTC 6571

The effect of cellular confluency at point of CMR collection, and hence the amount of ‘uncovered’ tissue culture
plastic, was investigated in relation to the antimicrobial activity of CMR. As demonstrated in Fig. 24, as the
cellular confluency increased (70-80% to 90-95% to >100%), the antimicrobial activity of the collected CM®
decreased significantly regardless of the dilution of the CMR utilized (P<0.001, N=3). This suggested that the
antimicrobial factor could be something that was retained on the plastic rather than something actually secreted
by the cells themselves. Next, pre-washing of the cell cultures, completed prior to the addition of the BM™ to
the 70-80% confluency cells and subsequent 72-hour conditioning incubation was investigated (Table 2). Even
after only one pre-wash of the cells, the antimicrobial activity of the subsequently collected CMR was effectively
removed (Fig. 2B; P<0.001, N=3), with this antimicrobial activity then presented in the sterile PBS wash
solutions collected following each washing of the monolayer (Fig. 2C; P<0.001, N=3). Finally, the influence
of the CMR collection time point was investigated (0, 1, 3, 6, 24, 48 and 72 h; Fig. 2D). At CMR concentrations
of 12.5% v/v and higher no significant difference was observed between the CMR collected, as was routine,
at 72 h and those CMR collected at earlier time points, even at zero hr. (medium added to the cells and then
removed immediately). At all % v/v concentrations, the CM® samples collected at timepoints of 0 to 6 h. showed
equivalent or statistically improved biomass reduction (P<0.05, N=3) than the CM® collected at 72 h. This
demonstrates that antimicrobial activity was not due to the secretion of factors from the CM®-conditioning cells.

Antibiotic concentration affects the antibacterial nature of cellular CM

The above results suggested that it was potentially AA carry over that was causing the antimicrobial effect on
S. aureus NCTC 6571. This might also hint at why the clinical isolate S. aureus 1061 A, shown to be penicillin
resistant, was not disrupted by the CMR. Hence, the basal medium was supplemented with varying concentrations
of the AA solution (0%, 0.01%, 0.1% or 1% (the latter being the manufacturers recommend concentration)
v/v), CMR was collected (72 h) and tested for antimicrobial capacity. Test CM (hereafter named CM") which
contained 0% AA at any stage of the conditioning process was statistically significantly less antimicrobial activity
compared to CMR at concentrations above 12.5% v/v conditioned medium (Fig. 3A; P<0.001 & P<0.01, N=3).
At concentrations of 6.25% v/v conditioned medium or below, where the AA concentration is lower due to
experimental dilution of the CMR® or CMT, there was no statistically significant difference between biomass
volume in the presence of CMR or CM. This was further supported by diluting out the concentration of the AA
used in the initial seeding of the cells (i.e. prior to CM® collection) which demonstrated that at 0.01 and 0.1% v/v
AA there was no antimicrobial activity compared to the 1% v/v AA BM control (Fig. 3B; P<0.01, N=3).

The antimicrobial activity of the 10PCAh CMR is influenced by the choice of tissue culture
plastic

Since Fig. 2 demonstrated that cell confluency influenced the potency of CMR, we explored the extent to which
the observed antimicrobial effect may be due to attachment of the AA to the tissue culture plastic surface, rather
than cellular uptake or cell surface attachment. A ‘placebo’ CM was prepared, in which an empty flask was
treated as per the routine CM production methodology. The “conditioned medium” collected via this method
was named placebo CM (CMP). There was no statistically significant difference between the antibacterial activity
of the CM? versus CMR against S. aureus NCTC6571 (Fig. 4A; P>0.05, N=3). Hence, the presence of cells
was not essential to convey the antibacterial activity of the CMR. This was further supported by investigating
carry over with a variety of tissue culture plastics with various surface treatments, noted by manufacturers to

Scientific Reports |

(2025) 15:28310 | https://doi.org/10.1038/s41598-025-14186-7 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

A 2.0

1.5

Mean ODg value
(=) -
3] =)

vy
N
o

Mean ODg value
(=) - -
v o 13

e
=)

II

il
| * k%

::” kkk
” it * %% C .
ol || ” “ _
‘H“H | H“ II ; |||||| ””“ II‘ "”” ke K "
I
| Al At gt 7

0w © O MO0 MO0 O IO O KO0 O
WONGNT N DANGNT N DNGNT O DNGNT O DNGNTON DGO NGNS O DNGNS O OGNS O OGNS O
—-woMm O -0om O —-0om O -oMm O -0om O -0om O -om O —-om O -om O -oMm O

BM" DU145 HaCaT 10PCAh NHh Nih NKh WHh Wih WKh
% viv of CMR/BM" (cell line identification)

*k %

1 1 1 1 1 1
3 0 DGR SN 0 > 0
- -womn o -wom o —womn —omn b m

BM DU145 HaCaT 10PCAh NHh Nih NKh WHh Wih WKh

% viv of CMR/BM" (cell line identification)

1200 e

g

800 .

Protien concentration (pug/ml)

2 i L

T T T
> d;s* & > qo’v N
\ \Q

NCTC 6571 1061a

Fig. 1. CMR collected from a wide range of cell types showed antimicrobial activity against S. aureus NCTC
6571, but not the penicillin-resistant clinical isolate S. aureus 1061 A. (A) Growth of S. aureus NCTC

6571, (B) and S. aureus 1061 A was determined in the presence of the CMR of nine cell lines and the basal
(unconditioned) serum and antibiotic-free medium (BM"). (C-F) SEM images of 24 h biomass of S. aureus
NCTC 6571 (C) and S. aureus 1061 A (D) in the presence of unconditioned BM™, or S. aureus NCTC 6571

(E) or S. aureus 1061 A (F) in 50% v/v WIh CMR. (G) Protein secretion into the bacterial supernatant was
measured to determine potential loss of bacterial cell wall integrity and leakage of protein from the bacterial
cells into the surrounding supernatant. All bars show mean values and error bars represent standard deviation,
N=3. Statistical significance was measured by Tukey test following one-way ANOVA (¥, P<0.05; **, P<0.01;
***, P<0.001). SEM images are representative, scale bar =10 pM.
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Fig. 2. 10PCAh CMR demonstrated antimicrobial activity against S. aureus NCTC 6571 which could be
ameliorated and/or reduced under certain conditions. (A) Increased the confluency of 10PCAh cells from
70-80% (black circles), 90-95% (black squares) and finally 100% confluency (black traingles) led to a reduction
in the antimicrobial potency of the collected CMR. (B) Washing of cell monolayers once (black squares), twice
(black triangle) or three times (black cross) after seeding, but prior to the commencement of the medium
conditioning step (antibiotic-free medium), reduced antimicrobial potency of CMR compared to the unwashed
monolayer (black circle) control. (C) The collected PBS washings from (B) demonstrated antimicrobial
activity similar to CMR. (D) CMR samples collected at time intervals of 0 h., 3 h., 6 h., 24 h. and 48 h. all

show statistically same antimicrobial activity to CMR (72 h.) at concentrations of 12.5% v/v or above. All bars
show mean values and error bars represent standard deviation, N=3. Statistical significance was measured by
Dunnett’s test following two-way ANOVA (N=3) *, P<0.05; **, P<0.01; ***, P<0.001).
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Incubation 1 Incubation 2
Experimental procedure name | Cell seeding density (cell/ml) | Time (hr) | Medium Interim processing | Time (hr) | Medium | Post collection processing
Routine CM (CMR) 4000 48 BM* None 72 BM~
Placebo CM (CMP) 0 48 BM* None 72 BM~
4000 (70-80%)
Variable confluency 8000 (90-95%) 48 BM* None 72 BM~
10,000 (100%)
1 x PBS wash
Monolayer wash 4000 48 BM* 2 x PBS wash 72 BM~
3 x PBS wash
BM* (0% AA)
AA concentration variation 4000 48 7BM+ (0.01% A4) None 72 BM~
BM* (0.1% AA)
0.22 uM PES filtration
BM* Long-term storage at —80 °C
0
1
3
Collection time 4000 48 BM* None 6 BM~
24
48
72
4000 (Standard Treated vessel)
Vessel type é(())(]);r)sf;r(:;:)r cated 48 BM* None 72 BM-
4000 (polypropylene)

Table 2. Different conditioning processes used to optimize the bacteriostatic activity of the collected condition
medium (CM) and detect antibiotic carryover if any. Unless otherwise stated, advance binding tissue culture
flasks (plastic 1) were used for the generation of all CM types (CM¥P/T),
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Fig. 3. The antimicrobial activity of I0PCAh CMR was due to AA carry over, not secretion of an antimicrobial
molecule by the mammalian cells. (A) Antimicrobial activity against S. aureus NCTC 6571 is statistically
significantly reduced (P<0.01) in CM" (black cross) compared to CMR (black circle). CM" was generated
without using AA at any stage of the CM process. (B) Removal (black diamond), 100 fold (black triangle) or
tenfold (black square) dilution of AA in the initial (Incubation 1) BM™ incubation decreased the antimicrobial
activity of the modified CM compared to CM® (black circle). All bars and points show mean values and error
bars represent standard deviation, N= 3. Statistical significance was measured by Dunnetts test following two-

way ANOVA (¥, P<0.05; **, P<0.01; ***, P<0.001).

allow various levels of cellular attachment (Table 3; Fig. 4B). All surface treatments were considered proprietary
information by the supplier and as such we could not determine the specific treatments the plastics underwent.
However, CMP prepared in all six plastics fully inhibited S. aureus NCTC 6571 growth at 50% and 25% v/v
CM?, in a way indistinguishable from CM? prepared in the routinely used tissue culture plastic (P1). At lower
concentrations, statistically significant differences in CMP antimicrobial potency were observed (Fig. 4B;
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Fig. 4. AA binds to the tissue culture surface itself, rather than binding to or being absorbed by cells
themselves. (A) Cell-free CMP (black cross) demonstrated antimicrobial activity against S. aureus NCTC6571
that was statistically indistinguishable from 10PCAh CMR® (black circle) (P>0.05). (B) The antimicrobial
potency of CM? collected within six different commercially obtained plastic tissue culture vessels (P! to P°),
was assessed using S. aureus NCTC 6571 and compared to antimicrobial activity of 10PCAh CM? generated
using plastic 1 (white square). Plastic 1 is the plasticware used for all other experiments presented within

this manuscript. All bars show mean values and error bars represent standard deviation, N =3. Statistical
significance was measured by Dunnetts test following two-way ANOVA (*, P<0.05; **, P<0.01; ***, P<0.001).

Placebo CM (CMP)

Vessel type Name code | Culture/non-culture surface | Surface Treatment for cells adhesion | MIC%v/v

Cell culture flask T-75 p! Advanced physical 0.78

Cell culture flask T-75 p? Culture PP* Standard physical 6.25

Cell culture flask T-25 p3 untreated 1.56

?lc ;er:i ;arpspoe iltll)lbe p* Non-Culture PS** untreated 6.25

Standard Petri dish p® Non-Culture PP untreated 1.56

90 mm

Tissue culture dish 60x 15 mm | P¢ Culture PP Advanced treatment 1.56

Table 3. Details of the plasticwares used and minimum inhibitory concentrations (MIC % v/v) exerted by the
CMPusing different treated surfaces. *PP = Polypropylene, **PS=Polystyrene.
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Fig. 5. Treatment of CMR and CM” with { lactamase (B-LAC) led to a loss of CM®'? antimicrobial potency
against S. aureus NCTC6571. CMR (black circle) and CM? (black triangle) were treated with p-LAC to

remove penicillin activity (black square and black cross respectively). Statistical comparison of B-LAC treated
and untreated CMR and CMP? showed a significant reduction in antimicrobial activity following treatment
(P<0.01). All bars show mean values and error bars represent standard deviation, N=3. Statistical significance
was measured by Dunnetts test following two-way ANOVA (**, P<0.01; ***, P<0.001).

P<0.05, N=3). Between CMP concentrations of 12.5% and 1.65% v/v, type 3, 5 and 6 plasticware (P3, P5 and
P6 respectively) showed statistically significantly greater inhibition of S. aureus NCTC 6571 growth than CMR
and CM? (both prepared using plasticware 1). Conversely, plasticware 2 (P2) showed no statistically significant
difference in S. aureus NCTC 6571 growth inhibition compared to CMR and CMP (prepared in plasticware
1), except at 1.56% v/v where inhibition was statistically significantly less than CMP, but not CMR® (P<0.05).
Overall, no statistical trend was observed in which untreated surfaces created a less potent CMP, nor did surfaces
advertised as “advanced binding” all show significantly greater potency.

The antimicrobial effect is due to the carry-over of penicillin

Results suggested that the antibacterial activity of all the tested CM® was actually due to the attachment/
adhesion of AA components to the tissue culture plastic surface itself. Furthermore, Fig. 1 demonstrated that
this antimicrobial effect was not observed with bacteria that were resistant to penicillin. Hence, neutralizing
penicillin (a key component of the routine cell culture medium) was next investigated. When both CMP and
CMR were treated with B-lactamase it was possible to remove the antibacterial effect of both CM®R and CM”
(Fig. 5; P<0.001, N=3) suggesting that penicillin was the key component of the carry-over and it was this, and
not cell secreted products, that was responsible for any antimicrobial activity.

Discussion

Previous work within our group has demonstrated that OMLP-PC cells and their immortalized derivatives, have
a contact-independent immunosuppressive effect on lymphocytes?® and their EVs can drive wound healing
functions, including reducing skin scarring®. Furthermore, the OMLP-PC cells and their CM have also been
demonstrated to have antimicrobial activity against Enterococcus faecalis, Streptococcus pyogenes, Pseudomonas
aeruginosa and Proteus mirabilis*’. Whilst aiming to build further on this work and understand the extent to
which the antimicrobial effect of OMPL-PCs was driven by CM-derived EVs, method optimization carried out
by the authors led to the discovery of the findings presented within this manuscript.

To determine to what extent the antimicrobial activity of OMLP-PC CM was distinct from other cell
populations, additional cell lines were included in this study. The cell lines included were selected as they
either represented cell types which would be encountered during a cutaneous wound infection (HaCat, NHh,
NIh, NKh, WHh, WIh and WKh) or, to the best of the authors knowledge, would not be expected to have any
significant antimicrobial activity (DU145). Surprisingly, CMR from all the cell lines statistically significantly
decreased the growth of S. aureus NCTC 6571, especially at a CM® concentration of 50% v/v. This is in
agreement with previous work showing that antimicrobial peptides (AMPs) secreted by mesenchymal stromal
cells were able to inhibit the growth of S. aureus ATCC 25,923 as well as Escherichia coli ATCC 10,5363°. Whilst
suppression of growth might be expected in the presence of fibroblast, progenitor cell and keratinocyte cell types,
it was unexpected that DU145 CMR suppressed S. aureus NCTC 6571 growth. The lack of suppression of S.
aureus 1061 A (penicillin-resistant) was also indicative that a non-AMP inhibition mechanism was responsible
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since previous studies suggest that AMP activity is independent of the antibiotic resistance profile of bacterial
isolates. A recent study® showed that the cathelicidin LL-37 inhibited both growth and biomass formation of
MRSA S. aureus 1004. Similarly, a recent meta-analysis highlighted that multiple studies report antimicrobial
activity of LL-37 against a broad range of the ESKAPE pathogens, including S. aureus isolates which are both
methicillin-resistant and those with vancomycin-intermediate resistance®?. Taken together the lack of cell line-
specific antimicrobial activity and selective inhibition of only the penicillin-sensitive isolate suggested that a
cell-independent antimicrobial mechanism was responsible for the observed effect.

Adding to these initial observations, the SEM images of the S. aureus NCTC 6571 isolate in the presence
of 50% v/v CMR also appeared to highlight damage to cell walls (Fig. 1C-F). In the presence of CMY, a high
amount of debris could be observed on the abiotic surface, with some cells appearing to have a “deflated” form
(Fig. 1E). This is consistent with previous work®3 in which cell wall integrity loss led to the collapse of S.
aureus cells, an effect which could be caused by either penicillin or AMP activity. Further investigation of the
observed antimicrobial activity of the CM® against S. aureus NCTC 6571 highlighted that CM® antimicrobial
activity was lost when AA was excluded from the medium used in the initial stages of the conditioning process
(CcMT) (Fig. 3A). Furthermore, the antimicrobial activity was proportional to the exposed (not covered by cell-
monolayer) surface area of the tissue culture flasks. We, therefore, hypothesized that the penicillin within the
antibiotic supplement was able to bind reversibly to the modified surfaces of the tissue culture plasticware®>%.
To the best of our knowledge this is the first report of its inadvertent carry over and ‘contamination’ of CM when
it has specifically not been used as a supplement in the cell culture medium utilized to create CM.

Although the exact methodology used by each manufacturer to modify the surfaces of their tissue-culturewares
is proprietary information, generally, treated surfaces display decreased hydrophobicity, improving protein and
cell adhesion®’. Treatments can either be chemical or physical. In this study, differences were observed in the
antimicrobial potency of cell-free CM? produced in several different brands and types of non/tissue-culture
flasks although the trends we observed were not necessarily directly linked to the advertised “bindability”
of a surface, suggesting that perhaps both the plastic type and surface treatment undertaken influenced AA
retention and release. Previous work has also suggested that both the surface wettability and surface energy of
tissue-culture plastics can be modified by surface modification®. Similarly, the choice of plastic and plasma gas
treatment was also shown to be important for biocompatibility of tissue culture surfaces®. The authors could not
find evidence of previous work indicating that penicillin was able to adsorb onto the polystyrene surfaces used in
tissue culture. However, previous work has shown that penicillin G can be adsorbed from complex medium with
the use of polymers such as Amberlite XAD-4" and poly(styrene-block-acrylic acid)*!, with pH, temperature
and ethanol concentration all influencing the effectiveness of the adsorption/desorption to the materials.In
summary, this work demonstrates that antibiotics can unintentionally be retained on abiotic surfaces used in
routine tissue culture and can subsequently be released, contaminating medium with antibiotics which affect
cellular function and, directly or indirectly, skew cell-based antimicrobial activity results. Many researchers
used PenStrep or AA supplements as part of their routine cell maintenance protocols??~2¢42, within research
relevant to microbial colonization of cells many examples of antibiotic incorporation into growth medium are
present®->°. Within some of these studies bacterial infection and invasion of assays are performed in the same
plasticware in which cells were previously cultured in antibiotic-containing medium*~*, While the authors
make it clear that when live bacteria are present, medium is switched to an antibiotic-free solution, however,
the results presented here show that antibiotics may be retained from the previous medium, being released
and potentially influencing bacterial viability and behavior during data collection. Interestingly, several of the
studies listed above report antimicrobial activity within their CM or CM-derived products with no identification
of known AMPs within the CM*23, As such, there is a potential for AA contamination of CM to contribute to
the overall potency of products generated, confounding data and falsely increasing antimicrobial activity. So
common is the incorporation of antibiotics into routine TC culture medium that some studies reporting the
antimicrobial activity of CM-derived products do not contain information about routine cell culture conditions.
For example, a recent study showed that CM derived from bone marrow and umbilical cord stem cells had
broad spectrum antibacterial activity, even though LL-37, a potent AMP, was lost during CM nebulization
steps°!. The authors noted that while LL —37 was lost, two other AMPs were still present and this may account
for the antimicrobial activity observed. However, since details of the cell growth medium were not included
within the manuscript, we cannot be sure that residual antibiotic products, which would also survive the
nebulization process, did not contribute to the observed activity. Similarly, mesenchymal stem cells, cultured in
an unspecified medium, were shown to have antimicrobial activity against several bacterial pathogens causing
gastroenteritis®2. Within this study, the authors did not identify any potential AMPs within the medium and as
the exact composition of the medium is unknown, again, the reader cannot be confident that AA contributed to
the observed activity. Indeed, even our own previous research on the antimicrobial properties of CM products
noted that antimicrobial activity was present even in the absence of LL-37. As with the previously mentioned
study’! we identified several alternative AMPs which likely contributed to the antimicrobial activity, however,
our inclusion of AA at early stages of cell culture may have led to AA contributing to the activity?’. In citing
these example publications, we make no judgment of the researcher’s methodological choices. Rather these are
simply examples selected from the larger body of literature to illustrate the widespread acceptance of antibiotic
supplementation for routine tissue culture across many applications. Hence, the authors now recommend that
antimicrobial supplementation of medium is carefully considered during development of methods where CM is
to be collected for downstream physiological uses. The composition of growth mediums should be recorded in
detail within publications and this information should include detailed information on any antimicrobials used,
their concentrations and wash steps at each methodological point. Further drug-surface interaction studies are
required to fully understand the potential of supplements to bind to the abiotic surfaces used in routine tissue
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culture. Critically, precise delineation of the antimicrobial mechanism of action of any CM under investigation
is an essential step in the validation of future cell-based therapeutics.

Methods

Routine maintenance of mammalian cell lines

A full list of the cell lines used within the study is shown in Table 1. All cell lines were routinely maintained
in Dulbecco’s Modified Eagle’s medium (DMEM) (Gibco) supplemented with 1% (v/v) 200 mM L-glutamine
(Gibco) with or without 10% (v/v) heat inactivated fetal bovine serum (FBS) (Gibco) and with or without
1% (v/v) AA (10,000 U/mL penicillin G, 10,000 pg/mL streptomycin sulfate and 25 pg/mL amphotericin B
[Gibco]) at 37 °C in a 5% CO, humidified atmosphere. The two supplemented basal media (BM) are referred
to as BM* (with 10% (v/v) FBS and 1% v/v antibiotics/antimycotics) and BM~ (without 10% (v/v) FBS and 1%
v/v AA) respectively. For routine cell culture, cells were seeded at a density of 4,000 cells/cm? in tissue culture
flasks (Sarstedt, UK) in BM* and passaged on reaching approximately 80-90% confluency. Frozen stocks were
maintained in liquid nitrogen in BM~ supplemented with 50% (v/v) FBS and 10% (v/v) Dimethyl sulfoxide
(Fisher).

Bacterial isolates and inoculum preparation

Staphylococcus spp. isolates are listed in Table 1 and were maintained on tryptic soya agar (TSA) (Oxoid) at
37 °C. Following overnight growth of the stocks on TSA, cultures were stored at 4 °C and used repeatedly for up
to one month. Bacteria were grown in brain heart infusion (BHI) (Oxoid) broth cultures overnight with shaking
at 180 rpm/37°C. The density of the bacterial strains was then adjusted to an optical density at wavelength of
600 nm (OD,) of ~0.08-0.1. The adjusted culture was then one hundred-fold serially diluted to achieve a cell
density of ~ 1 x 107 CFU/ml before use in experiments.

Production of routine conditioned medium from cell lines

For the generation of routine conditioned medium (CMR) the cell lines were seeded into advance-treated (high
binding) culture flasks at 4,000 cells/cm? in BM* and incubated at 37 °C with 5% CO, for 48 h. After 48 h, the
medium was removed and replaced with BM™ and incubated at 37 °C with 5% CO, for a further 72 h. Where
washing steps were included, they occurred at the 48 h time point once Incubation 1 medium was removed
and prior to the replacement of BM™ and subsequent 72 h incubation (Incubation 2). Following the second
incubation, cells were at approximately 70-80 confluency, To assess which components within the CM® were
responsible for the observed antimicrobial activity, several different conditioning processes were investigated.
Full details of these variable factors and the CM®™T generation stages at which they occurred are presented
within Table 2, with additional information about the plastic surfaces utilized shown in Table 3. Regardless
of the preparation method utilized, CM¥?/T was collected and filtered using 0.22 uM PolyEtherSulfone (PES)
membranes (Nalgene). After collection, CM¥?'T was either used immediately or aliquoted and stored at —80 °C
until use. Once thawed aliquoted CM*/T was stored at 2-8 °C and used for up to two weeks.

Screening the antimicrobial activity of the collected CMR/P/T

The Minimum Inhibitory Concentration (MIC) of the collected CM¥™T was assessed by using microplate
turbidimetric growth inhibition. A 50 pl volume of the adjusted bacterial culture, described above, was added to
50 pl of two-fold serially diluted CM®*/T (diluted in sterile phosphate buffer saline; PBS) in a 96-well flat bottom
microtiter plate (Sarstedt, UK). This gave CM™?/T dilutions of 50, 25, 12.5, 6.25, 3.125, 1.56 and 0.78% (v/v). The
plate was incubated at 37 °C for ~ 18 h. to allow bacterial growth. Inhibition of bacterial growth was determined
by measuring the turbidity of the wells at OD,, post-incubation using a microplate reader (Fluostar Omega).
The MIC was considered to be the last well showing no visible growth. MIC was monitored both by inspection
visually and by OD,,. Negative (without bacterial culture) controls of CM¥*'T, BHI and PBS were used for
background correction. Positive controls of bacterial cultures growing in BHI and/or PBS un-supplemented
with CMRP/T were used for optimum growth comparison.

Preparation of samples for scanning electron microscopy (SEM)

For assesment of bacterial attachment in the presence of CMRY, sterile glass coverslips were added to the wells of
a 24-well microtiter plate and covered with bacteria at a concentration of 5x 10° CFU/ml in BHI supplemented
with either 50% (v/v) CMR or 50% (v/v) BM™. Cultures were incubated statically overnight at 37 °C with 5%
CO, to allow biomass formation. Following incubation, coverslips were washed once with sterile PBS to remove
loosely attached bacterial cells and fixed using 2.5% (v/v) glutaraldehyde (Sigma). Samples were dehydrated by
incubation in increasing concentrations of ethanol (50, 70, 90, 100% (v/v) respectively) (Fisher), followed by
serial incubation in hexamethyldisilazane (HMDS) (Merck) diluted in ethanol (ratios of 1:2, 2:1 and HMDS only
respectively). Excess HMDS was left to evaporate before sputter coating using a K650x sputter coater (Quorum
Technologies) and imaging with a Tescan Vega 3 (Tescan Ltd). For each cover slip, images at low and high
magnification were taken at each of the cardinal compass points and in the center of the disc to ensure each
sample was representatively imaged.

Determination of protein concentration

ODy, 0.9 adjusted cultures of S. aureus NCTC 6571 and S. aureus 1061 A, in either sterile PBS or PBS containing
50% (v/v) CMR, were prepared as described above. The cultures were incubated statically overnight at 37 °C
with 5% CO, before centrifugation at 10,000 xg for 10 min to pellet bacterial cells and debris. The bacterial
supernatant was removed and protein concentration was determined using the Pierce BCA Protein Assay Kit
(ThermoFisher) according to the manufacturer’s instructions.
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Beta-lactamase hydrolysis activity assay

The AA used in the maintenance of the cells contained penicillin G sodium (10000 U/ml). Penicillin G activity
was removed from the CM®? by adding a broad-spectrum mixture of beta lactamase (3-Lac) enzymes (Oxoid,
UK). Each 1 U of B-Lac mixture hydrolysed 1 umole of the penicillin G. The MIC of the 3-Lac-treated cell culture
medium relative to the untreated medium was screened against S. aureus NCTC6571. Briefly, p-Lac mixture
powder was freshly prepared in sterile water. One ml of f-Lac mixture was equivalent to 60,000 Levy units of 3-
Lac-I and 6,000 Levy units of p-Lac-II. This was added to 5-10 ml of the CMR or CM? directly before monitoring
their MIC against S. aureus NCTC6571.

Statistical analysis

All experiments were at least three biologically independent replicates. Analysis of data was carried out using
GraphPad Prism software (version 5.0-prism.exe). All data was determined to be parametrically distributed
using Shapiro-Wilk test. Numerical data were expressed as Mean with error bars showing standard deviation.
Comparison between 3 groups was undertaken using the parametric two-way ANOVA then a post hoc-tests was
used for pair-wise comparison. Statistical test names are included within figure legends. All tests were two-tailed.
A p-value <0.05 was considered significant.

Data availability
The datasets used and/or analysed during the current study are available from the corresponding author upon
reasonable request.

Received: 4 October 2024; Accepted: 29 July 2025
Published online: 03 August 2025

References

1. Naghavi, M. et al. Global burden of bacterial antimicrobial resistance 1990-2021: a systematic analysis with forecasts to 2050. The
Lancet [Internet]. 2024 Sep [cited 2024 Sep 26];0(0). Available from: http://www.thelancet.com/article/S0140673624018671/fullte
xt

2. Puca, V. et al. Microbial species isolated from infected wounds and antimicrobial resistance analysis: Data emerging from a three-
years retrospective study. Antibiotics [Internet]. 2021 Oct 1 [cited 2023 Dec 15];10(10):1162. (2079). Available from: https://www
.mdpi.com/-6382/10/10/1162/htm.

3. Kalan, L. R. et al. Strain- and Species-Level Variation in the Microbiome of Diabetic Wounds Is Associated with Clinical Outcomes
and Therapeutic Efficacy. Cell Host Microbe [Internet]. ;25(5):641-655.€5. (2019). Available from: http://www.sciencedirect.com/
science/article/pii/S1931312819301581

4. Loesche, M. et al. Temporal Stability in Chronic Wound Microbiota Is Associated With Poor Healing. Journal of Investigative
Dermatology [Internet]. ;137(1):237-44. (2017). Available from: http://www.sciencedirect.com/science/article/pii/S0022202X163
22734

5. Wolters, M. et al. Molecular Characterization of Staphylococcus aureus Isolated from Chronic Infected Wounds in Rural Ghana.
Microorganisms 2020, Vol 8, Page 2052 [Internet]. 2020 Dec 21 [cited 2023 Dec 15];8(12):2052. (2076). Available from: https://w
ww.mdpi.com/-2607/8/12/2052/htm.

6. Nobel, F. A. et al. Isolation of multidrug resistance bacteria from the patients with wound infection and their antibiotics
susceptibility patterns: A cross-sectional study. Annals Med. Surg. 84, 104895 (2022).

7. Sisay, M., Worku, T. & Edessa, D. Microbial epidemiology and antimicrobial resistance patterns of wound infection in Ethiopia:
A meta-analysis of laboratory-based cross-sectional studies. BMC Pharmacol Toxicol [Internet]. 2019 May 30 [cited 2023 Dec
15];20(1):1-19. Available from: https://bmcpharmacoltoxicol.biomedcentral.com/articles/https://doi.org/10.1186/s40360-019-03
15-9

8. Brakhage, A. A, Zimmermann, A. K., Rivieccio, E, Visser, C. & Blango, M. G. Host-derived extracellular vesicles for antimicrobial
defense. microLife [Internet]. 2021 Dec 15 [cited 2025 Jan 24];2(2):3. Available from: https://doi.org/10.1093/femsml/uqab003

9. Lou, P. et al. Extracellular vesicle-based therapeutics for the regeneration of chronic wounds: current knowledge and future
perspectives. Acta Biomater. 119, 42-56 (2021).

10. Alcayaga-Miranda, E, Cuenca, J. & Khoury, M. Antimicrobial activity of mesenchymal stem cells: current status and new
perspectives of antimicrobial peptide-based therapies. Front. Immunol. 8 (MAR), 248157 (2017).

11. Dalirfardouei, R., Gholoobi, A., Vahabian, M., Mahdipour, E. & Afzaljavan, E Therapeutic role of extracellular vesicles derived
from stem cells in cutaneous wound models: A systematic review. Life Sci. 273, 119271 (2021).

12. Couch, Y. et al. A brief history of nearly EV-erything - The rise and rise of extracellular vesicles. J. Extracell. Vesicles 10, e12144.
(2021).

13. Nieuwland, R, Siljander, P. R. M., Falcon-Pérez, ]. M. & Witwer, K. W. Reproducibility of extracellular vesicle research. Eur. J. Cell.
Biol. 101 (3), 151226 (2022).

14. Hendrix, A. et al. Extracellular vesicle analysis. Nature Reviews Methods Primers 2023 3:1 [Internet]. 2023 Jul 27 [cited 2023 Nov
23];3(1):1-23. Available from: https://www.nature.com/articles/s43586-023-00240-z

15. van der Valk, J. et al. Optimization of chemically defined cell culture media - Replacing fetal bovine serum in mammalian in vitro
methods. Toxicol. In Vitro. 24 (4), 1053-1063 (2010).

16. Elliott, R. L. & Jiang, X. P. The adverse effect of gentamicin on cell metabolism in three cultured mammary cell lines: are cell culture
data skewed? PLoS One. 14 (4), €0214586 (2019).

17. Hassan, S. N. & Ahmad, E. The relevance of antibiotic supplements in mammalian cell cultures: towards a paradigm shift. Gulhane
Med. J. 62 (4), 224-230 (2020).

18. Ryu, A. H., Eckalbar, W. L., Kreimer, A., Yosef, N. & Ahituv, N. Use antibiotics in cell culture with caution: genome-wide
identification of antibiotic-induced changes in gene expression and regulation. Scientific Reports 2017 7:1 [Internet]. 2017 Aug 8
[cited 2023 Nov 23];7(1):1-9. Available from: https://www.nature.com/articles/s41598-017-07757-w

19. Hyun, S. W. et al. The effects of gentamicin and penicillin/streptomycin on the electrophysiology of human induced pluripotent
stem cell-derived cardiomyocytes in manual patch clamp and multi-electrode array system. J Pharmacol Toxicol Methods
[Internet]. 2018 May 1 [cited 2025 May 28];91:1-6. Available from: https://www.sciencedirect.com/science/article/pii/S10568719
17301570#s0045

20. Bahrami, F. & Janahmadi, M. Antibiotic Supplements Affect Electrophysiological Properties and Excitability of Rat Hippocampal
Pyramidal Neurons in Primary Culture. Iran Biomed J [Internet]. [cited 2025 May 28];17(2):101. (2013). Available from: https://p
mc.ncbi.nlm.nih.gov/articles/ PMC3677674/

Scientific Reports |

(2025) 15:28310 | https://doi.org/10.1038/s41598-025-14186-7 nature portfolio


http://www.thelancet.com/article/S0140673624018671/fulltext
http://www.thelancet.com/article/S0140673624018671/fulltext
https://www.mdpi.com
https://www.mdpi.com
http://www.sciencedirect.com/science/article/pii/S1931312819301581
http://www.sciencedirect.com/science/article/pii/S1931312819301581
http://www.sciencedirect.com/science/article/pii/S0022202X16322734
http://www.sciencedirect.com/science/article/pii/S0022202X16322734
https://www.mdpi.com/
https://www.mdpi.com/
https://bmcpharmacoltoxicol.biomedcentral.com/articles/
https://doi.org/10.1186/s40360-019-0315-9
https://doi.org/10.1186/s40360-019-0315-9
https://doi.org/10.1093/femsml/uqab003
https://www.nature.com/articles/s43586-023-00240-z
https://www.nature.com/articles/s41598-017-07757-w
https://www.sciencedirect.com/science/article/pii/S1056871917301570#s0045
https://www.sciencedirect.com/science/article/pii/S1056871917301570#s0045
https://pmc.ncbi.nlm.nih.gov/articles/PMC3677674/
https://pmc.ncbi.nlm.nih.gov/articles/PMC3677674/
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.
44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Metzger, ]. E, Fusillo, M. H., Cornman, I. & Kuhns, D. M. Antibiotics in tissue culture. Exp. Cell. Res. 6 (2), 337-344 (1954).
Gupta, S. et al. An improvised one-step sucrose cushion ultracentrifugation method for exosome isolation from culture
supernatants of mesenchymal stem cells. Stem Cell. Res. Ther. 9 (1), 180 (2018).

Lobb, R. J. et al. Optimized exosome isolation protocol for cell culture supernatant and human plasma. ] Extracell Vesicles
[Internet]. [cited 2023 Nov 23];4(1). Available from: https://www.tandfonline.com/doi/abs/ (2015). https://doi.org/10.3402/jev.v4.
27031

Purushothaman, A. Exosomes from cell culture-conditioned medium: Isolation by ultracentrifugation and characterization.
Methods in Molecular Biology [Internet]. 2019 [cited 2023 Nov 23];1952:233-44. Available from: https://link.springer.com/proto
col/https://doi.org/10.1007/978-1-4939-9133-4_19

Ludwig, N., Razzo, B. M., Yerneni, S. S. & Whiteside, T. L. Optimization of cell culture conditions for exosome isolation using
mini-size exclusion chromatography (mini-SEC). Exp. Cell. Res. 378 (2), 149-157 (2019).

Sagaradze, G. et al. Conditioned medium from human mesenchymal stromal cells: towards the clinical translation. Int. J. Mol. Sci.
20 (7), 1656 (2019).

Board-Davies, E., Moses, R., Sloan, A., Stephens, P. & Davies, L. C. Oral Mucosal Lamina Propria-Progenitor Cells Exert
Antibacterial Properties via the Secretion of Osteoprotegerin and Haptoglobin. Stem Cells Transl Med [Internet]. 2015 Nov 1
[cited 2023 Dec 15];4(11):1283-93. Available from: https://doi.org/10.5966/sctm.2015-0043

Davies, L. C. et al. Oral mucosal progenitor cells are potently immunosuppressive in a dose-independent manner. Stem Cells Dev
[Internet]. 2012 Jun 10 [cited 2023 Dec 15];21(9):1478-87. Available from: https://www.liebertpub.com/doi/https://doi.org/10.10
89/5cd.2011.0434

Knight, R. et al. Oral progenitor cell Line-Derived small extracellular vesicles as a treatment for Preferential wound healing
outcome. Stem Cells Transl Med. 11(8), 861-875 (2022).

Harman, R. M,, Yang, S., He, M. K. & Van De Walle, G. R. Antimicrobial peptides secreted by equine mesenchymal stromal
cells inhibit the growth of bacteria commonly found in skin wounds. Stem Cell Res Ther [Internet]. 2017 Jul 4 [cited 2023 Dec
18];8(1):1-14. Available from: https://stemcellres.biomedcentral.com/articles/https://doi.org/10.1186/s13287-017-0610-6

Kang, ], Dietz, M. ]. & Li, B. Antimicrobial peptide LL-37 is bactericidal against Staphylococcus aureus biofilms. PLoS One. 14 (6),
€0216676 (2019).

Neshani, A. et al. LL-37: review of antimicrobial profile against sensitive and antibiotic-resistant human bacterial pathogens. Gene
Rep. 17, 100519 (2019).

Coté, H. et al. Balsacone ¢, a new antibiotic targeting bacterial cell membranes, inhibits clinical isolates of methicillin-resistant
staphylococcus aureus (Mrsa) without inducing resistance. Front Microbiol. ;10(OCT):461010. (2019).

Salamaga, B. et al. Demonstration of the role of cell wall homeostasis in Staphylococcus aureus growth and the action of bactericidal
antibiotics. Proc Natl Acad Sci U. 2021 Nov 2 [cited 2023 Dec 18];118(44):e2106022118. Available from: https://www.pnas.org/doi/
abs/https://doi.org/10.1073/pnas.2106022118

Farzaneh, M. & Concise, R. Effects of antibiotics and antimycotics on the biological properties of human pluripotent and
multipotent stem cells. Curr. Stem Cell. Res. Ther. 16 (4), 400-405 (2021).

Skubis, A. et al. Impact of Antibiotics on the Proliferation and Differentiation of Human Adipose-Derived Mesenchymal Stem
Cells. International Journal of Molecular Sciences 2017, Vol 18, Page 2522 [Internet]. 2017 Nov 24 [cited 2023 Dec 19];18(12):2522.
Available from: https://www.mdpi.com/1422-0067/18/12/2522/htm

Lerman, M. J., Lembong, J., Muramoto, S., Gillen, G. & Fisher, J. P. The Evolution of Polystyrene as a Cell Culture Material. Tissue
Eng Part B Rev [Internet]. 2018 Oct 1 [cited 2023 Dec 19];24(5):359-72. Available from: https://www.liebertpub.com/doi/https://
doi.org/10.1089/ten.teb.2018.0056

Harnett, E. M., Alderman, J. & Wood, T. The surface energy of various biomaterials coated with adhesion molecules used in cell
culture. Colloids Surf. B Biointerfaces. 55 (1), 90-97 (2007).

Van Midwoud, P. M., Janse, A., Merema, M. T., Groothuis, G. M. M. & Verpoorte, E. Comparison of biocompatibility and
adsorption properties of different plastics for advanced microfluidic cell and tissue culture models. Anal Chem [Internet]. May 1
[cited 2023 Dec 19];84(9):3938-44. Available from: https://pubs.acs.org/doi/full/ (2012). https://doi.org/10.1021/ac300771z

De Barros, A. N. C,, Santos, E. E Q., Rodrigues, D. S., Giordano, R. L. C. & De Padua, T. E. Hydrophobic Adsorption Followed by
Desorption with Ethanol-Water for Recovery of Penicillin G from Fermentation Broth. ACS Omega [Internet]. 2020 Apr 7 [cited
2023 Dec 19];5(13):7316-25. Available from: https://pubs.acs.org/doi/full/https://doi.org/10.1021/acsomega.9b04175
Ghamkhari, A. et al. Synthesis and characterization of poly(styrene-block-acrylic acid) Diblock copolymer modified magnetite
nanocomposite for efficient removal of penicillin G. Compos. B Eng. 182, 107643 (2020).

Bujnakova, D. et al. Canine Bone Marrow Mesenchymal Stem Cell Conditioned Media Affect Bacterial Growth, Biofilm-Associated
Staphylococcus aureus and AHL-Dependent Quorum Sensing. Microorganisms 2020, Vol 8, Page 1478 [Internet]. 2020 Sep 26
[cited 2025 Jun 10];8(10):1478. (2076). Available from: https://www.mdpi.com/-2607/8/10/1478/htm.

Khalil, H. et al. Invasion of bone cells by Staphylococcus epidermidis. Microbes Infect. 9 (4), 460-465 (2007).

Eltwisy, H. O. et al. Pathogenesis of Staphylococcus haemolyticus on primary human skin fibroblast cells. Virulence [Internet].
2020 Dec 31 [cited 2023 Nov 23];11(1):1142-57. Available from: https://www.tandfonline.com/doi/abs/https://doi.org/10.1080/21
505594.2020.1809962

Yokota, M. et al. Staphylococcus aureus impairs dermal fibroblast functions with deleterious effects on wound healing. The FASEB
Journal [Internet]. Jul 1 [cited 2023 Nov 23];35(7):¢21695. Available from: https://onlinelibrary.wiley.com/doi/full/ (2021). https:/
/doi.org/10.1096/1].201902836R

Miao, Z. et al. Transcriptome sequencing reveals fibrotic associated-genes involved in bovine mammary fibroblasts with
Staphylococcus aureus. Int. J. Biochem. Cell. Biol. 121, 105696 (2020).

Zhang, M. et al. TGF-B1 promoted the infection of bovine mammary epithelial cells by Staphylococcus aureus through increasing
expression of cells’ fibronectin and integrin B1. Vet. Microbiol. 237, 108420 (2019).

Kaewpan, A. et al. Burkholderia pseudomallei pathogenesis in human skin fibroblasts: A Bsa type III secretion system is
involved in the invasion, multinucleated giant cell formation, and cellular damage. PLoS One [Internet]. Feb 1 [cited 2023 Nov
23];17(2):€0261961. (2022). Available from: https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0261961

Ishii, R. et al. Hypoxic culture enhances the antimicrobial activity of amnion-derived mesenchymal stem cells, thereby reducing
bacterial load and promoting wound healing in diabetic mice. Biochem Biophys Res Commun [Internet]. 2024 Dec 20 [cited 2025
Jun 10];739:150903. Available from: https://www.sciencedirect.com/science/article/pii/S0006291X24014396#sec2

Saeedi, P, Halabian, R. & Fooladi, A. A. I. Antimicrobial effects of mesenchymal stem cells primed by modified LPS on bacterial
clearance in sepsis. ] Cell Physiol [Internet]. Apr 1 [cited 2025 Jun 10];234(4):4970-86. (2019). Available from: https://doi.org/10.
1002/jcp.27298

McCarthy, S. D. et al. Nebulized Mesenchymal Stem Cell Derived Conditioned Medium Retains Antibacterial Properties against
Clinical Pathogen Isolates. ] Aerosol Med Pulm Drug Deliv [Internet]. 2020 Jun 1 [cited 2025 Jun 10];33(3):140-52. Available
from: https://doi.org/10.1089/jamp.2019.1542?download=true

Bagheri-Josheghani, S. et al. The effect of mesenchymal stem cell conditioned medium incorporated within chitosan nanostructure
in clearance of common gastroenteritis bacteria in-vitro and in-vivo. Sci Rep [Internet]. 2024 Dec 1 [cited 2025 Jun 10];14(1):1-11.
Available from: https://www.nature.com/articles/s41598-024-64465-y

Caley, M. et al. Development and Characterisation of a Human Chronic Skin Wound Cell Line—Towards an Alternative for Animal
Experimentation. Int ] Mol Sci [Internet]. ;19(4):1001. (2018). Available from: https://www.mdpi.com/1422-0067/19/4/1001

Scientific Reports |

(2025) 15:28310 | https://doi.org/10.1038/s41598-025-14186-7 nature portfolio


https://www.tandfonline.com/doi/abs/
https://doi.org/10.3402/jev.v4.27031
https://doi.org/10.3402/jev.v4.27031
https://link.springer.com/protocol/
https://link.springer.com/protocol/
https://doi.org/10.1007/978-1-4939-9133-4_19
https://doi.org/10.5966/sctm.2015-0043
https://www.liebertpub.com/doi/
https://doi.org/10.1089/scd.2011.0434
https://doi.org/10.1089/scd.2011.0434
https://stemcellres.biomedcentral.com/articles/
https://doi.org/10.1186/s13287-017-0610-6
https://www.pnas.org/doi/abs/
https://www.pnas.org/doi/abs/
https://doi.org/10.1073/pnas.2106022118
https://www.mdpi.com/1422-0067/18/12/2522/htm
https://www.liebertpub.com/doi/
https://doi.org/10.1089/ten.teb.2018.0056
https://doi.org/10.1089/ten.teb.2018.0056
https://pubs.acs.org/doi/full/
https://doi.org/10.1021/ac300771z
https://pubs.acs.org/doi/full/
https://doi.org/10.1021/acsomega.9b04175
https://www.mdpi.com/
https://www.tandfonline.com/doi/abs/
https://doi.org/10.1080/21505594.2020.1809962
https://doi.org/10.1080/21505594.2020.1809962
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1096/fj.201902836R
https://doi.org/10.1096/fj.201902836R
https://journals.plos.org/plosone/article?id=10.1371/journal.pone.0261961
https://www.sciencedirect.com/science/article/pii/S0006291X24014396#sec2
https://doi.org/10.1002/jcp.27298
https://doi.org/10.1002/jcp.27298
https://doi.org/10.1089/jamp.2019.1542?download=true
https://www.nature.com/articles/s41598-024-64465-y
https://www.mdpi.com/1422-0067/19/4/1001
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

54. Boukamp, P. et al. Normal keratinization in a spontaneously immortalized aneuploid human keratinocyte cell line. Journal of Cell
Biology [Internet]. 1988 Mar 1 [cited 2023 Dec 15];106(3):761-71. Available from: http://rupress.org/jcb/article-pdf/106/3/761/1
461052/761.pdf

55. Stone, K. R., Mickey, D. D., Wunderli, H., Mickey, G. H. & Paulson, D. E Isolation of a human prostate carcinoma cell line (DU
145). Int ] Cancer [Internet]. 1978 Mar 15 [cited 2023 Dec 15];21(3):274-81. Available from: https://onlinelibrary.wiley.com/doi/f
ull/https://doi.org/10.1002/ijc.2910210305

56. Howell-Jones, R. S., Price, P. E., Howard, A. J. & Thomas, D. W. Antibiotic prescribing for chronic skin wounds in primary care.
Wound Repair and Regeneration [Internet]. Jul 1 [cited 2023 Dec 15];14(4):387-93. Available from: https://onlinelibrary.wiley.co
m/doi/full/ (2006). https://doi.org/10.1111/].1743-6109.2006.00144.x

Acknowledgements

The authors would like to thank Dr Katja Hill and Professor David Thomas for their helpful comments on the
manuscript draft. For the purpose of Open Access, the author has applied a CC BY public copyright license to
any Author Accepted Manuscript (AAM) version arising from this submission.

Author contributions

MYE: Conceptualization, Formal analysis, Investigation, Validation, Visualization, Writing - original draft,
Writing - review & editing. HLB: Formal analysis, Investigation, Methodology, Project administration, Supervi-
sion, Visualization, Writing - original draft, Writing - review & editing. AC: Methodology, Resources, Supervi-
sion, Writing - review & editing. PS: Conceptualization, Funding acquisition, Project administration, Resources,
Supervision, Writing - review & editing. All roles are described according to the Contribution Roles Taxonomy
(CRediT).

Funding
Funding for ME and HLB was provided by the Dunhill Medical Trust (grant ID RPGF1902\133).

Declarations

Competing interests
The authors declare no competing interests.

Ethics approval
No ethical approval was required for this work.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-025-14186-7.

Correspondence and requests for materials should be addressed to H.L.B.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2025

Scientific Reports |

(2025) 15:28310 | https://doi.org/10.1038/s41598-025-14186-7 nature portfolio


http://rupress.org/jcb/article-pdf/106/3/761/1461052/761.pdf
http://rupress.org/jcb/article-pdf/106/3/761/1461052/761.pdf
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1002/ijc.2910210305
https://onlinelibrary.wiley.com/doi/full/
https://onlinelibrary.wiley.com/doi/full/
https://doi.org/10.1111/j.1743-6109.2006.00144.x
https://doi.org/10.1038/s41598-025-14186-7
https://doi.org/10.1038/s41598-025-14186-7
http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿Antibiotic carry over is a confounding factor for cell-based antimicrobial research applications
	﻿Results
	﻿CM produced from different cell lines show antimicrobial activity
	﻿Cellular confluency, pre-washing and sampling time point affect the antimicrobial activity of the CM﻿R﻿ against ﻿S. aureus﻿ NCTC 6571
	﻿Antibiotic concentration affects the antibacterial nature of cellular CM
	﻿The antimicrobial activity of the 10PCAh CM﻿R﻿ is influenced by the choice of tissue culture plastic
	﻿The antimicrobial effect is due to the carry-over of penicillin

	﻿Discussion
	﻿Methods
	﻿Routine maintenance of mammalian cell lines
	﻿Bacterial isolates and inoculum preparation
	﻿Production of routine conditioned medium from cell lines
	﻿Screening the antimicrobial activity of the collected CM﻿R/P/T﻿
	﻿Preparation of samples for scanning electron microscopy (SEM)
	﻿Determination of protein concentration
	﻿Beta-lactamase hydrolysis activity assay
	﻿﻿Statistical analysis﻿

	﻿References


