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Abstract
Antimicrobial resistance (AMR) is one of the largest healthcare emergencies today, with urinary
tract infections (UTIs) caused by antibiotic-resistant uropathogenic Escherichia coli (E.coli) (UPEC) as a
critical offender. The development of biofilms, matrices of UPEC, further complicate treatment.
Antibiotics struggle to pierce the biofilm, leading to longer infections and antibiotic use, increasing AMR.
Little has been done to identify efficient UTI treatments which inhibit both bacterial and biofilm growth.
Previous research demonstrates that essential oils (EOs), especially T.zygis (thyme) and R.officinalis
(rosemary) EOs, can combat bacterial growth as effectively as antibiotics, as well as inhibit biofilm
growth. EO combinations have shown enhanced antibacterial and antibiofilm activity over individual
EOs, but ratios of EOs in combination have not been optimized. T.zygis and R.officinalis EOs were tested
on E.coli in different ratios to establish an optimal EO combination to inhibit bacterial and biofilm
activity. Agar disk diffusion evaluated antibacterial activity(n=2) and a colony forming unit/mL assay
measured antibiofilm activity(n=30). 100% T.zygis, 0% R.officinalis and 90% T.zygis, 10% R.officinalis
had the highest antibacterial activities, with similar activity to ciprofloxacin control. 90% T.zygis, 10%
R.officinalis and 60% T.zygis, 40% R.officinalis had the highest antibiofilm activities, with inhibition
levels of 80.89% and 80.09%, respectively. 90% T.zygis, 10% R.officinalis was more effective than
T.zygis (70.87% inhibition;p=0.03034) or R.officinalis (37.95% inhibition;p=0.0011) alone, and the most
effective treatment overall. These results could indicate EO combinations for utilization in alternative
antibiotic-sparing treatments for UPEC-caused UTIs.
1. Introduction
Antimicrobial resistance (AMR) is one of the biggest healthcare emergencies today (WHO,
2021), with E. coli resistance against antibiotics being one of the most urgent issues, due to its ability to
cause a plethora of diseases (Maduppa, 2019). Urinary tract infections (UTIs) are one of the most
prevalent diseases, affecting at least 274 million people annually worldwide (GBD, 2018), and having an
incidence of 50-60% in the lifetime of adult women (Medina & Castillo-Pino, 2019). Uropathogenic E.
coli(UPEC) causes 75% of uncomplicated UTIs and 65% of complicated UTIs (Flores-Mireles et al.,
2015). Due to the abuse of antibiotics for this common disease, UPEC has become resistant to many kinds
of antibiotics (Table 1), specifically fluoroquinolones and β-lactams, such as ciprofloxacin and
amoxicillin, respectively (Flores-Mireles et al., 2015; Wu et al., 2021; Smieszek & Pouwels, 2018).
Fluoroquinolones and β-lactams are used to treat many other severe infections, and resistance to them can
create problems concerning lack of treatment for severe disease (WHO, 2021). The rate of AMR is rising,
and because of that, the rate of multi-drug resistant bacteria is also rising (WHO, 2021). This kind of
resistant bacteria is a threat to anyone who is susceptible to get a UTI caused by UPEC (MacKinnon et al.,
2020).

Table 1. Description of Common Antibiotics that Treat E. coli Infections, their Antibiotic Class, and
Percent E. coli Resistance
Antibiotic (Madappa &
Stuart, 2019)

Antibiotic Class

E. coli Resistance (%)

References

Amoxicillin

β-lactam

72%

(Nji et al., 2021)

Ciprofloxacin

Fluoroquinolones

8%-65%

(High Levels of Antibiotic Resistance
Found Worldwide, New Data Shows,
2018)

Trimethoprim/sulfamet
hoxazole
(Co-trimoxazole)

Sulfonamide

63%

(Co-Trimoxazole)
(Nji et al., 2021)

Ampicillin/sulbactam

β-lactam

> 50%

(Bryce et al., 2016)

Levofloxacin

Quinolone

38.3%

(Terahara & Nishiura, 2019)

Doxycycline

Tetracycline

37.5%

(Doxycycline (Oral Route)
Description and Brand Names)
(Dimitrova et al., 2021)

Aztreonam

Monobactam

1.4-9.4%

(Aztreonam Injection)
(Cho et al., 2011)

Nitrofurantoin

Nitrofuran

0.8-1.7%

(Nitrofurantoin - Side Effects, Uses,
Dosage, Overdose, Pregnancy,
Alcohol, 2015)
(Bryce et al., 2016)

Meropenem

Carbapenem

0.2%

(Merrem IV (Meropenem): Uses,
Dosage, Side Effects, Interactions,
Warning)
(Nordmann & Poirel, 2019)

Complication of Current Bacterial Infection Treatments by Biofilms
AMR is further complicated by the creation of biofilms by bacteria. Biofilms are the assemblage
of microbial cells that are enclosed in a matrix of polysaccharide material, and are responsible for more
than 80% of all microbial infections (Römling & Balsalobre, 2012). Biofilm development is crucial for
the persistence of UPEC in the urinary tract and its ability to cause UTIs (Sanchez et al., 2013). Bacterial
biofilms become resistant to antibiotics because the antibiotics struggle to pierce the polysaccharide
matrix (Costerton et al., 1999). While antibiotics do have capabilities of inhibiting bioThis results in
recurring biofilm infections, which bring about cycles of antibiotics, and increased resistance to
antibiotics (Costerton et al., 1995), effectively rendering antibiotics useless against biofilms.
Essential Oils as an Alternative Therapy
Essential oils offer promising evidence as alternative treatments against both bacterial and biofilm
growth. Although there have been many studies proving the effectiveness of EOs in monotherapy against
bacterial growth (Lagha et al., 2019; Mahizan et al., 2019; Williams, 2018) and biofilm production of E.
coli (Cáceres et al., 2020, Kerekes et al., 2019, Millezi et al., 2019, Neyret et al., 2014), fewer studies
have investigated the potential of EOs in combination.
In an experimental procedure on the antibacterial effects of EO monotherapy and combination
therapy, Williams, 2018 demonstrated that pine, orange, oregano, and coriander EOs have higher

antibacterial effects in combination compared to their individual use. In addition, it showed that specific
ratios of the combinations had greater antibacterial efficacy than other ratios. Bassolé & Juliani
demonstrated that EOs and EO components can have synergistic, additive, and antagonistic effects on
UPEC. The results of this study demonstrated that phenolic and monoterpenoid terpene (EO components)
combinations are actively synergistic against E. coli. R. officinalis EO was also shown to have synergistic
interactions with other EOs.
EOs have also been shown to work against biofilm growth when used in combination with other
drugs. Demonstrated in Algburi et al.,, various antibiotics were tested along with natural components to
measure the interaction between them when acting against biofilm growth. Thyme oil and Pelargonium
graveolens (rose geranium) were tested with ampicillin, penicillin, cloxacillin, cephalothin, methicillin,
novobiocin, vancomycin, and norfloxacin, and showed synergistic effects, as well as enhancing effects of
the antibiotics. Terpinen-4-ol, an EO component, was also tested with ciprofloxacin and demonstrated
synergistic effects. Neyret et al., 2014 reported that thymol and carvacrol (both phenolic components) in
combination have higher antibiofilm activity in combination compared to their respective individual
antibiofilm activities.
Thymus zygis (T. zygis) and Rosmarinus officinalis (R. officinalis) are both medicinal plants
derived from the common name thyme and rosemary, respectively. Their respective essential oils(EOs)
have been used for medicinal purposes (Bukovská et al., 2007) .Demonstrated in Lagha et al., 2019, both
T. zygis EO and R. officinalis EO proved to have antibacterial and antibiofilm capabilities when tested
individually on UPEC. However, T. zygis EO had the highest antibacterial activity out of all the EOs,
having strong inhibitory action against 90% of the E. coli tested, and R. officinalis EO had the highest
antibiofilm activity, inhibiting up to 94.75% of biofilms. Both EOs are also mainly composed of
monoterpenoid terpenes, with the main compounds in T. zygis EO being linalool and terpinen-4-ol, and
the main compound in R. officinalis EO being 1,8-cineole (Lagha et al., 2019). The terpenes have been
attributed to the antibacterial activity of the two EOs (Lagha et al., 2019), and have also been shown in
other research to be effective against E. coli (Mahizan et al., 2019).
The benefits of T. zygis and R. officinalis EOs and their components against E. coli have been
proven (Lagha et al., 2019) (Bassolé & Juliani, 2012), but the effectiveness of them in combination for
optimization of both antibiofilm activity and antibacterial activity remains to be established.
New solutions need to be studied to treat UTIs caused by UPEC in order to decrease AMR levels,
which could be done by studying treatments that address both bacterial growth and biofilm production
(Høiby et al., 2015). The aim of this study was to investigate and ultimately demonstrate the heightened
effectiveness of T. zygis and R. officinalis EOs in combination by effectively optimizing activity against
biofilm production and bacterial growth of UPEC. It was hypothesized that the two EOs would work
synergistically against UPEC when combined because they are both mainly made of monoterpenoid
terpenes. It was also predicted that the EO treatments of 40% T. zygis, 60% R. officinalis, 50% T. zygis,
50% R. officinalis, or 60% T. zygis, 40% R. officinalis (Groups 7, 8, and 9 in Table 2) would be the most
effective due to previous research on specific ratios (Williams, 2018).
2. Materials and Methodology
2.1. Population
The model was a strain of non-pathogenic E. coli called E. coli K-12 that was obtained from
Sacred Heart University.
2.2. Materials

Essential Oils
T. zygis and R. officinalis EOs were purchased from Eden Botanicals. Essential oils treatments
were created to be 1000 µL total each, and formulated to have different percentages of each essential
oil(shown in Table 2) using a calibrated pipette to combine oils in centrifuge tubes. To dilute both
essential oils to 2500 mg/mL before creating treatments, 675 µL of T. zygis EO was put in 135 µL of
fractionated coconut oil in a centrifuge tube and 675 µL of R. officinalis EO was also put in 135 mL of
fractionated coconut oil in a centrifuge tube. These solutions were made as many times as necessary when
they were all used up. Both essential oils were stored at approximately 21℃ in the tubes until needed for
use (Doterra, n.d.).
Group
Treatment

1

2

3

4

5

6

7

8

9

10

11

12

13

T. zygis EO

0%

10%

20%

30%

40%

50%

60% 70%

80%

90%

100%

R. officinalis
EO

100%

90%

80%

70%

60%

50%

40% 30%

20%

10%

0%

Ciprofloxacin
(+ control)
Penicillin
(- control)

✓
✓

Table 2. Percentage by Volume of EO/antibiotic in each treatment.
Antibiotics
For the antibiotic testing in the agar disk diffusion procedure, ciprofloxacin and penicillin
antibiotic disks were purchased and used.
Study Design
This was an in vitro experimental study consisting of 2 main procedures: the Kirby-Bauer agar
disk diffusion method for antimicrobial susceptibility/antibacterial activity and a CFU/mL assay for
biofilm inhibition.
Figure 1. Overview of Study Design - Agar Disk Diffusion to Test for Antimicrobial Susceptibility and
CFU/mL Assay to Test for Biofilm Inhibition.

Procedures
2.5.1. Antimicrobial Susceptibility Testing
Antimicrobial susceptibility was examined through the Kirby-Bauer agar disk-diffusion method
(Balouiri et al., 2016). The entire procedure was carried out on a bench. E. coli stocks were grown at 37℃
for 18-24 hrs in MHA broth before being spread on MHA plates. MHA plates were inoculated using a
sterile swab to streak the bacteria on. 4 6mm filter paper disks were impregnated with treatment solutions
(20µL/disk) and then placed on the surface of the MHA plates. The plates were then incubated at 37℃ for
24 hours. Antibacterial activity was quantified by measuring the inhibition zone diameters (mm) (Figure
2) around the disks using a ruler.
For the cipro and penicillin antibiotic discs, E. coli was spread on the antibiotic plates, and the
discs were put directly on the plates. The rest of the procedure carried on as described above.
The experiment was duplicated, and the mean zone diameter was recorded for each group (Lagha
et al., 2019).

Figure 2. Zones of inhibition of groups 3-13. Image taken by Mallika Subramanian.
2.5.2. Biofilm Formation and Inhibition
Biofilm formation by E. coli was observed using the crystal violet CFU/mL assay method (see
figure 3 for procedure) (Wilson, 2017). This entire procedure was also carried out on a bench. The E. coli
cultures were grown at 37℃ for 18-24 hrs in Trypticase Soy broth (TSB). The suspended bacteria was
then transferred to a 96-well microtiter plate using a pipette, with 100 μL in each well. 100 μL of EO
solutions emulsified in TSB (see 2.5.2.1.) were then added to their respective wells. The total volume of
each well was 200 μL (Lagha et al., 2019). The controls were pure TSB and no treatment (see Figure 3 for
well distributions). The plates were incubated at 37°C for 24 hrs, and the crystal violet procedure
(described below) was carried out.
2.5.2.1. Essential Oil Emulsification in TSB Supplement
The EO emulsification in TSB supplement occured in a 1:1 ratio. This happened by mixing 10
mL of EO treatment with 10 mL of TSB supplement and stirring gently. This emulsification happened for
each EO treatment.

Figure 3. CFU/mL assay procedure for biofilm inhibition, including distribution of 96-well plate.
2.5.2.1. Crystal Violet Procedure
Culture mediums were carefully removed from the wells of the 96-well microtiter plate using a
pipette. 0.2 mL of Phosphate Buffer Solution (PBS) was warmed up to 20℃, and then was used to wash
the plate. Each well was washed with 150µL of PBS. The PBS was then removed and 50 µL of crystal
violet solution was added to each well. The plate was then incubated at 20℃. After, the plate was
immersed in a large beaker filled with tap water in order to wash. This process was repeated in duplicate,
with the tap water being changed between washes. The plate was drained upside down on paper towels.
100 µL of 1% sodium dodecyl sulfate (SDS) was applied to each well in order to solubilize the stain. The
plate then went into an orbital shaker incubator until the color of the wells was uniform (Crystal Violet
Assay, n.d.; Hölzl-Armstrong et al., 2019).

2.5.2.2. Biofilm Production Quantification
Quantification of biofilm production started with measuring the optical density of each well of the
96-well microtiter plate. After the plate went through the crystal violet procedure, it went into a 96-well
spectrophotometer at 570 nm. A darker shade of violet would display a higher absorption, and therefore,
more biofilm (Figure 4).
Biofilm inhibition % was calculated using the equation below, as described in Lagha et al.

% Inhibition = 100 - [(absorbance of sample/absorbance of control) * 100]

Figure 4. Different amounts of biofilm depicted by different shades of violet after crystal violet assay on
groups 5 and 6. Image taken by Mallika Subramanian.
Statistical Analysis
Statistical analysis was conducted using 2-sample t-tests. Results with p-values < 0.05 were
considered to be statistically significant.
For the disk diffusion assay data, the treatments were all compared to the positive control, which
was ciprofloxacin.
For the crystal violet CFU/mL assay, the biofilm inhibition % of treatments were all compared to
group 13 because that treatment was just the R. officinalis EO, which had been proven to have high
biofilm inhibition levels, even higher than T. zygis. By comparing to group 13, it was identified whether
or not the combination would be more effective than an individual oil or not.
2.6. Limitations of Study
This experiment was aimed to research alternative medicine for UTIs caused by UPEC, however,
due to lab availability and safety protocols, UPEC was not viable to use as an experimental model.
However, non-pathogenic E. coli was acceptable to use in place of UPEC. This is because the
antibacterial mechanism of action of EOs is to diffuse through the cytoplasmic membrane of the bacteria
(Saad et al., 2013), and because non-pathogenic E. coli has a cytoplasmic membrane (Silhayy, 2015).
Outer-membrane vesicles (OMVs) are also used by UPEC to cause infection (Terlizzi et al., 2017) which
is recognized by the body’s immune responses, and non-pathogenic E. coli also release OMVs that cause

immune responses in the body (Behrouzi et al., 2018), so the anatomy of non-pathogenic E. coli is similar
to the anatomy of UPEC. This means that the results of this study can be applied to UPEC when
discussing alternative medicine for UTIs. In addition, the use of non-pathogenic bacteria removes any
ethical or safety concerns associated with using UPEC.
3. Results
3.1. Antibacterial Activity of Essential Oil Combinations
Treatment
1

2

3

4

5

6

7

24.5

0

2.75

4

8.75

5.75

Standard
Deviation

3.1091

0

0.25

1

0.75

P-value
compared to
group 1

N/A

N/A

7.05E-4 3.32E-4

0.001

Avg zone of
inhibition
(mm)

8

10

11

12

13

11.75 14.75 18.5

17.5

20.5

28.67

27.5

0.25

1.75

1.5

0.5

2.31

2.5

0.001

0.004 0.008 0.028 0.021

0.042

0.049

0.304

0.25

9

0.5

Table 3. Disk diffusion assay results.

Figure 5. Disk diffusion assay portrays effectiveness of inhibiting bacterial growth.
Out of the 11 essential oil combinations, groups 12 (90% T. zygis, 10% R. officinalis) and 13
(100% T. zygis, 0% R. officinalis) had the highest antibacterial activities with average zones of inhibition
of 28.67 mm and 27.5 mm, respectively. A 2-sample t-test comparing groups 12 (p=0.0487)and 13
(p=0.304) with group 1 (ciprofloxacin control) demonstrated that they both had similar antibacterial
activities to the control. Group 3 (0% T. zygis, 100% R. officinalis) had the lowest antibacterial activity
with an average zone of inhibition of 2.75 mm. As the percentage of T. zygis in the treatment increased,
the average zone of inhibition trended upwards.

3.2. Biofilm Inhibition by Essential Oil Combinations
Treatment
3
(0:10
T:R)

4
(1:9
T:R)

5
(2:8
T:R)

6
(3:7
T:R)

7
(4:6
T:R)

8
(5:5
T:R)

9
(6:4
T:R)

10
(7:3
T:R)

11
(8:2
T:R)

12
(9:1
T:R)

13
(10:0
T:R)

% Inhibition

37.95

49.61

40.63

75.79

50.99

44.68

80.09

67.78

63.08

80.89

70.87

Standard
Deviation

65.88

24.93

79.74

49.98

70.99

88.21

9.24

23.80

47.67

8.47

23.29

P-value
compared to
group 13

0.013

0.001

0.050

0.622

0.147

0.119

0.047

0.607

0.418

0.030

N/A

Table 4. Effectiveness of inhibiting biofilm formation.
Out of the 11 essential oil combinations, groups 12 (90% T. zygis, 10% R. officinalis) and 9 (60%
T. zygis, 40% R. officinalis) had the highest antibiofilm activities with inhibition percentages of 80.89%
and 80.09%, respectively. Demonstrated by the p-values comparing the treatments to group 13, the
biofilm inhibition of groups 3, 4, 5, and 12 were all statistically different from group 13.
4. Discussion
The overuse of antimicrobials, specifically antibiotics, has led to great levels of resistance,
specifically by UPEC (WHO, 2021), with exacerbation of the problem by biofilm development (Sanchez
et al., 2013). T. zygis and R. officinalis EOs have been researched as antibacterial and antibiofilm
treatments, showing great potential (Lagha et al., 2019). This study looked at the two EOs in combination,
and were tested for their antibacterial and antibiofilm activities using disk diffusion and crystal violet
CFU/mL assay methods, respectively.
The 90% T. zygis, 10% R. officinalis and 100% T. zygis, 0% R. officinalis combinations had the
highest antibacterial activities, and had numerically higher activities compared to the ciprofloxacin
control (Table 3, Figure 5). However, due to the small number of trials conducted of the disk diffusion
assay because of resource restraint, the argument could not be made that the EO combinations had
statistically higher antibacterial activities compared to the ciprofloxacin. These two combinations were
made mainly of T. zygis EO, and seeing as T. zygis EO has proven to have greater antibacterial capabilities
than R. officinalis (Lagha et al., 2019), this was an expected outcome. It does, however, say that R.
officinalis and T.zygis do not have additive or synergistic effects because if they did, then the
combinations with the highest antibacterial activities would have had more or any R. officinalis in it, and
would most likely have larger zones of inhibition. The standard deviations of the data were relatively
small, however, this can also be attributed to the small sample size.
The 90% T. zygis, 10% R. officinalis and 60% T. zygis, 40% R. officinalis combinations had the
highest antibiofilm activities, and did have statistically higher activities compared to the control, which
was 100% T. zygis, 0% R. officinalis (Table 4). These two combinations both had a majority of T.zygis
compared to R.officinalis, but R. officinalis has been proven to have greater antibiofilm capabilities
compared to T. zygis (Lagha et al., 2019), so it can be concluded that there is some sort of enhancing
activity occurring between the two essential oils. This enhancing effect would have to be researched

further in a more quantifiable manner in order to be categorized, but this study shows promise for the
abilities of these two EOs in combination. The standard deviations of the treatments ranged from 8.47 79.74, which is a lot of variation. This large range of variation could be attributed to human error,
however, if this experiment were to be replicated, the standard deviations should be compared to the
results of this study. This variation, however, was accounted for in statistical analysis, so the results of this
study are sound.
The intersection between these two assays was the 90% T. zygis, 10% R. officinalis, as it was the
only combination that had the highest antibacterial and antibiofilm activities. By being the only
intersection between the two experiments, it was the automatic optimized combination. There were no
uncontrolled events that impacted either of the experiments, so all results can be taken as valid.This is a
different result than hypothesized, and different than the results from Williams, 2018. This signifies that
further research into EO ratios when used in combination is necessary. These results confirm that EO
combination therapy is more effective than monotherapy against both bacterial and biofilm growth,
meaning that combination therapy should be researched further and could have true potential as
alternative treatment.
If this experiment were to be done again, the disk diffusion assay should be replicated several
more times, so that better and more valid statistical analysis could be conducted on the values. In addition,
ciprofloxacin could be used as another control in the CFU/mL assay, to have a standard of comparison
against something that is already on the market as a UTI treatment. Since these results prove that these
two essential oils in combination are effective enough to be UTI treatments, further research on this topic
could venture into using a 90% T. zygis, 10% R. officinalis EO combination on pathogenic E. coli, small
test insects with UPEC, such as Drosophila melanogaster, or other types of gram-negative bacteria, such
as Pseudomonas aeruginosa (Gram-Negative Bacteria Infections in Healthcare Settings | HAI).
Conducting further experiments with other EO combinations that have the same antibacterial and
antibiofilm potentials as T.zygis and R. officinalis on UPEC would also be valuable, as it would venture
into identifying more possible alternative treatments for UPEC-caused UTIs.
5. Conclusion
Treating UTIs caused by UPEC has become increasingly difficult because of high antibiotic
resistance levels and biofilms that further this resistance. This finding demonstrated a 90% T. zygis, 10%
R. officinalis EOs as an effective antibacterial and antibiofilm treatment. It also demonstrated that these
two EOs enhance each other's effects when used in combination against UPEC. Therefore, it is proposed
that this combination be used as an alternative treatment against UTIs in order to spare antibiotic use.
6. Appendix
Appendix 1
Synergism is defined as “interaction of discrete agencies (such as industrial firms), agents (such
as drugs), or conditions such that the total effect is greater than the sum of the individual effects”
(Synergism Definition & Meaning, n.d.). Additive interaction is defined as “a deviation from additivity of
the absolute effects of two risk factors” (Ding, 2014). Antagonism is defined as “an interaction between
two or more drugs that have opposite effects on the body [...] [that] may block or reduce the effectiveness
of one or more of the drugs” (Drug Antagonism | NIH, n.d.).
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