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1 DS Bio ve Nanoteknoloji A. Ş, Lavida City Plaza 45/7, 06530 Ankara, Türkiye
2 Smart Materials, Istituto Italiano di Tecnologia, Via Morego 30, 16163 Genova, Italy
3 I2Pure Corporation, 44679 Endicott Drive, Suite 300, Ashburn, VA 20147, USA
* Correspondence: ilker@i2pure.com; Tel.: +1-540-680-9747

Abstract

This study presents the formulation and characterization of a self-emulsifying antibacterial creamy
ointment comprising methyl cellulose, triacetin, triethyl citrate, and a synergistic blend of benzyl alco-
hol, phenylethanol, and lavender essential oil. The ointments were designed for topical drug delivery
and evaluated for their rheological behavior, essential oil release kinetics, and antimicrobial efficacy.
Emulsions were prepared using shear mixing and ultrasonic processing and were characterized by
viscoelastic and shear-thinning behavior, modeled via Maxwell, Cross, and Herschel–Bulkley frame-
works with thixotropic considerations. Drug release studies employing UV-Vis spectrophotometry
showed that gentle mixing enhanced essential oil release, with the Weibull model best fitting the release
profiles. Antibacterial testing against E. coli and genetically diverse ten lactic acid bacteria (LAB)
revealed that formulations containing aromatic alcohols significantly reduced MIC and MBC values,
suggesting synergistic effects. Optical density and bacterial viability models demonstrated improved
kill kinetics with mixing, attributed to enhanced dispersion and bioavailability of the essential oil. The
results support the development of a robust, spreadable, and potent topical antimicrobial system with
potential applications in treating skin infections and limiting the spread of antibiotic-resistant LAB.

Keywords: emulsion; ointment; essential oil; methyl cellulose; drug release; viscoelasticity

1. Introduction
Creamy ointments are structured semisolid systems widely used for topical and transdermal drug

delivery due to their favorable consistency, spreadability, and ease of application. Typically composed
of oil and water phases stabilized by surfactants or polymers, they offer a platform for both hydrophilic
and lipophilic drug incorporation. Recent innovations in formulation science have led to the integration
of nanocarriers such as nanoemulsions, solid lipid nanoparticles, and liposomes to improve drug
encapsulation, stability, and skin permeability [1–3]. These advances have been supported by progress
in manufacturing technologies including high-pressure homogenization, ultrasonic emulsification,
and low-energy self-assembly methods, which enable finer control over droplet size distribution and
formulation rheology [4,5].

Transdermal drug delivery has emerged as a non-invasive and patient-compliant route that en-
ables sustained therapeutic effects while bypassing first-pass metabolism. The skin, however, presents
a significant barrier, particularly the stratum corneum. Creamy ointments have been optimized to
overcome this challenge through the inclusion of penetration enhancers, micro/nanoencapsulation
systems, and rheologically tuned bases [6,7]. The use of vehicles such as nanoemulsions and lipid-
based carriers allows drugs to penetrate into deeper skin layers or reach systemic circulation while
maintaining controlled release characteristics [8,9]. State-of-the-art formulations also employ smart
delivery systems responsive to temperature, pH, or enzymes in the skin environment, enhancing
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site-specific release and reducing systemic side effects [10]. Advances in 3D skin modeling and non-
invasive imaging techniques have improved in vitro–in vivo correlation (IVIVC), accelerating the
development of transdermal semisolid therapeutics. Together, these innovations highlight the growing
role of creamy ointments not only in dermatology but also in systemic drug administration, hormonal
therapy, and pain management.

Drug release from creamy ointments is primarily governed by physicochemical mechanisms such
as diffusion, partitioning, erosion, and swelling. Among these, diffusion-controlled release is the most
prevalent, where the drug molecules move from the semisolid matrix through a concentration gradient
into the skin [11–13]. The partition coefficient between the ointment base and the stratum corneum
also plays a key role in determining how effectively the drug transfers to the skin. In hydrophilic
ointment systems or those incorporating polymeric carriers, swelling- or erosion-controlled release may
dominate, particularly in moisture-rich environments. The use of smart polymers enables triggered
release mechanisms based on environmental stimuli such as pH, temperature, or enzymatic activity,
allowing greater control over the delivery profile [10]. Nanoencapsulation techniques, including
solid lipid nanoparticles and nanostructured lipid carriers, improve drug solubilization and allow
for biphasic or sustained release kinetics [9,14]. Advanced manufacturing techniques such as high-
pressure homogenization and ultrasound processing have enabled precise control over particle size and
distribution within ointment matrices, optimizing drug diffusion and release rates [4]. Additionally,
co-application with microneedles is being explored to bypass the stratum corneum and enhance release
from semisolid reservoirs [15,16].

In this study, we developed self-emulsifying creamy ointments using triacetin and triethyl citrate
as the oil phase, and methyl cellulose as a thickening and stabilizing agent. Antibacterial activity
was achieved through a synergistic oil blend comprising benzyl alcohol, phenylethanol, and lavender
essential oil. Among the formulations tested, those containing essential oil demonstrated superior
antibacterial performance. The ointments were characterized rheologically to assess their viscoelastic
behavior, and in vitro release studies were conducted to evaluate the diffusion profile of the essential
oil. Antibacterial efficacy was tested against Escherichia coli and ten genetically diverse strains of lactic
acid bacteria (LAB). Although LAB are generally recognized as safe, several strains have been found
to harbor antibiotic resistance genes (ARGs) that may be horizontally transferred to other microbes,
including pathogens [17–21]. This raises significant public health concerns about the potential role of
LAB in the dissemination of antimicrobial resistance through food and pharmaceutical pathways [22].

2. Materials and Methods
2.1. Materials

Methyl cellulose powder (molecular weight ∼2 million Da) was purchased from Fisher Scientific
(USA). Triacetin and triethyl citrate (ACS grade) were also obtained from Fisher Scientific. Benzyl
alcohol and phenylethanol (ACS grade) were procured from the same supplier. Deionized (DI) water
with a resistivity of 18.2 MΩ·cm (Milli-Q® system) was used throughout the study. Steam-distilled
lavender oil was sourced from Hiqili Co. (China). N,N-Dimethyl-p-phenylenediamine dihydrochloride
(99%) was obtained from Sigma-Aldrich (USA). Povidone-iodine solution (Major Pharmaceuticals,
USA) was used to prepare iodinated water for the release studies. Mueller Hinton Broth (Dehydrated)
was procured from Thermo Fisher Scientific Inc, USA.

2.2. Preparation of Self-Emulsifying Ointments

The oily phase was prepared by mixing 6 g of triacetin and 6 g of triethyl citrate. Subsequently,
2 g of benzyl alcohol and 2 g of phenylethanol were added to the mixture under gentle stirring. While
maintaining agitation, 3 g of methyl cellulose powder was slowly added to the oil phase. This prevents
clumping of the polymer powder when water is added. Stirring was continued until full dispersion of
the polymer was achieved. Following this, 78 g of DI water was added to the oil-polymer mixture.
Emulsification was conducted through two different techniques: shear mixing, where the mixture
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was treated with a shear mixer (ONILAB OS40 Pro model) at 500 rpm until a white creamy emulsion
was produced; and ultrasonic processing, in which emulsification was executed using an ultrasonic
processor (US Solid, 20 kHz frequency, 90% amplitude) until a consistent milky texture was attained.
Once the semisolid ointment was formed, 1–3 g of lavender oil was added and the mixing continued for
a few additional minutes to ensure homogeneous incorporation of the essential oil. Table 1 lists three
major emulsions that we studied particularly to distinguish and understand collective antibacterial
efficacy of benzyl alcohol, phenyl ethanol and the essential oil.

Table 1. Composition of Emulsions (All components in %).

Emulsion
ID

Triethyl
Citrate

Triacetin Benzyl
Alcohol

Phenylethanol Lavender
Oil

1 6.0 6.0 2.0 2.0 1.0
2 6.0 6.0 0.0 0.0 1.0
3 6.0 6.0 2.0 2.0 0.0

As shown in Figure 1(a), the shear-mixed emulsion spreads uniformly over the silicone pad
surface, indicating good film formation and distribution upon application. Figure 1(b) highlights the
dispersion behavior of the emulsion in the presence of the N,N’-Diphenylmethylenediamine-iodine
complex. In the left panel of Figure 1(b), where the essential oil-containing emulsion is introduced,
the complex solution exhibits a distinct pink to light red coloration. This visual change suggests
interaction between the dispersed emulsion and the iodine complex, correlating with UV-Vis spectral
modifications at approximately 530 nm, as the emulsion and essential oil distribute within the aqueous
phase. Conversely, the right panel of Figure 1(b) shows no clouding when no emulsion is added,
confirming the absence of dispersion and interaction under controlled conditions. Further insights
are provided in Figure 1(c), which shows sequential snapshots of the self-diffusion process of the
emulsion in deionized water over a period of 8 hours. Starting from time zero, progressive dispersion
is evident at 4 h and 8 h, despite the absence of mechanical stirring. This gradual diffusion behavior
may be attributed to spontaneous emulsification driven by interfacial tension gradients and the
inherent mobility of dispersed oil droplets within the aqueous phase, as reported in previous studies
on self-emulsifying systems [23–25].

(b)(a)

(c)

Emulsion spread over a silicone pad

essential 
oil dispersion 

no essential 
oil

Figure 1. (a) Photograph of the emulsion ointment spread over a silicone rubber pad surface, (b) Left: the
N,N’-Diphenylmethylenediamine-iodine complex containing the dispersed ointment and Right: the N,N’-
Diphenylmethylenediamine-iodine complex in water, (c) Top view photograph of 3 g of oinment self-diffusing
into 100 mL water over 8 hours.
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2.3. Conductivity and Rheological Characterization

Emulsion conductivity was monitored using a HI 5521 Digital Benchtop pH-Conductivity-TDS
Meter (Hanna Instruments, USA). To help identify clear conductivity changes deionized water con-
ductivity was increased by adding sodium chloride salt and the conductivity was maintained at 400
µS cm−1. Rheological measurements, including viscosity and viscoelastic properties, were conducted
using an ARES-G2 rheometer (TA Instruments, USA). To assess the viscoelastic behavior of the emul-
sions, a plate–plate geometry setup with a 40 mm diameter plate and a gap size of 2 mm was used. An
oscillatory frequency sweep was performed within the linear viscoelastic region using a constant strain
of 0.1%. Measurements were conducted at the equilibrium state of the material to evaluate changes in
the elastic storage modulus (G′) and viscous loss modulus (G′′) over a frequency range of 0.1–20 Hz at
a controlled temperature of 25.00 ± 0.01 °C. Based on the viscoelastic moduli data, the phase angle
(loss tangent), tan δ, defined as the ratio of G′′ to G′, was also calculated to characterize the relative
contributions of viscous and elastic behavior.

2.4. Essential Oil Release Measurements

The release profile of lavender essential oil from the ointments was determined using UV-Vis
spectrophotometry (Figure 1(b)). Approximately 1–2 g of ointment was placed into 100 mL of DI water
(sink phase) containing approximately 60 ppm iodine, prepared from diluted commercial povidone-
iodine solution. Additionally, 0.01 g of N,N-Dimethyl-p-phenylenediamine dihydrochloride was
added, resulting in a pale pink to red colored solution. As the essential oil diffused from the semi-solid
phase into the aqueous phase, the intensity of the iodine complex color changed, affecting absorption
at 530 nm. UV-Vis absorption was measured at set time intervals, and the released essential oil content
was quantified using a pre-established calibration curve.

2.5. Bacterial Inhibition Testing via Optical Density Measurements

Antibacterial efficacy of the formulated ointments was evaluated using optical density (OD)
monitoring. Two bacterial models were employed: a non-pathogenic strain of Escherichia coli (E.
coli ATCC 10798 (K-12), ATCC, USA) and lactic acid bacteria sourced from a commercial probiotic
supplement (Physician’s Choice Probiotics 60 Billion CFU - 10 Strains), containing a mixture of
Lactobacillus acidophilus and other lactic acid bacteria species in freeze-dried capsule form. The listing
of bacterial species according to the manufacturer is given as Lactobacillus acidophilus, Lactobacillus casei,
Lactobacillus paracasei, Lactobacillus salivarius, Lactobacillus plantarum, Bifidobacterium lactis, Bifidobacterium
bifidum, Bifidobacterium longum, Bifidobacterium breve, Lactobacillus bulgaricus.

For lactic acid bacteria, freeze-dried powders from the probiotic capsules were rehydrated and
activated in de Man, Rogosa, and Sharpe (MRS) broth (Difco Laboratories, USA). The bacterial
suspension was incubated at 37 °C for 12–16 hours under microaerophilic conditions to allow revival
and activation. Following incubation, the culture was diluted in fresh sterile MRS broth to an initial
OD600 of approximately 0.1 for antibacterial testing. Optical density measurements were performed
in MRS broth to ensure optimal growth conditions throughout the assay. The E. coli culture was
revived according to ATCC instructions using nutrient broth under aerobic conditions. Prior to
testing, both bacterial suspensions were diluted to an initial OD600 of approximately 0.1, measured
using a UV-Vis spectrophotometer.

Antibacterial testing was conducted by adding approximately 0.5–1.0 g of the prepared ointments
into sterile test tubes containing bacterial suspensions. Control samples without ointment were
prepared in parallel. Tubes were incubated at 37 °C under gentle shaking, and OD600 measurements
were recorded at regular intervals to monitor bacterial growth over time. Changes in OD values were
analyzed as indicators of bacterial inhibition resulting from the release of active compounds from the
ointment formulations. Comparative assessment between treated and control samples was performed
to evaluate bacteriostatic or bactericidal effects against both E. coli and LAB. Optical density (OD)
is a commonly used and convenient method to determine the Minimum Inhibitory Concentration
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(MIC) of an antimicrobial agent. Although not a direct measurement of cell count, OD, typically
measured at 600 nm (OD600), reflects the turbidity of the solution, which is directly related to the
biomass of cells present.

2.6. Determination of Minimum Inhibitory Concentration (MIC)

A pure bacterial culture was prepared and standardized to an optical density (OD600) of approxi-
mately 0.5, equivalent to about 5 × 105 colony-forming units (CFU)/mL. A series of twofold dilutions
of the emulsion was prepared in Mueller-Hinton broth. A standardized suspension of the test organism
was added to each dilution, alongside a growth control without antimicrobial agents and a sterile
control containing only the medium. The tubes were incubated at 37°C for 18 hours. Post-incubation,
optical density (turbidity) was measured. The MIC was recorded as the lowest concentration of the
antimicrobial agent exhibiting no visible bacterial growth or no increase in OD compared to the initial
inoculum or the sterile control.

2.7. Determination of Minimum Bactericidal Concentration (MBC)

Following MIC determination, a standard inoculum from each tube or well showing no visible
bacterial growth (at or above the MIC) was subcultured onto antibiotic-free agar plates. The plates
were incubated at 37°C for 24 hours. The presence or absence of bacterial growth was observed. The
MBC was defined as the lowest concentration of the antimicrobial agent resulting in a 99.9% reduction
(3 log10 reduction) in the number of organisms compared to the original inoculum, indicated by the
absence of visible bacterial colonies on the agar plates.

2.8. Modeling viscoelasticity

To characterize the rheological behavior of the methyl cellulose (MC) polymer solution, two
well-established empirical-mechanistic models were employed: the generalized Maxwell model for
linear viscoelasticity and the Cross model for steady shear viscosity. These models were selected based
on their ability to capture both the frequency-dependent moduli and the shear-thinning behavior
observed in semi-dilute MC systems [26,27]. The storage modulus (G′) and loss modulus (G′′) were
modeled using a two-mode generalized Maxwell model, which describes the viscoelastic response of
materials with discrete relaxation mechanisms. The model equations are given by:

G′(ω) =
n

∑
i=1

gi ω2λ2
i

1 + ω2λ2
i

(1)

G′′(ω) =
n

∑
i=1

gi ωλi

1 + ω2λ2
i

(2)

where:

• gi is the modulus of the i-th Maxwell element (Pa),
• λi is the corresponding relaxation time (s),
• ω is the angular frequency (rad/s),
• n is the number of Maxwell modes used (here, n = 2).

These parameters were tuned to fit the experimental data representing a methyl cellulose gel
with biphasic relaxation dynamics. The two discrete modes capture both fast and slow structural
relaxation behavior in the MC network, consistent with literature reports on cellulose derivatives
forming transient polymer entanglements [12,28]. To describe the steady shear viscosity behavior, the
Cross model was used due to its effectiveness in representing the non-Newtonian flow characteristics
of polymer solutions and gels. The model is expressed as:

η(γ̇) = η∞ +
η0 − η∞

1 + (kγ̇)m (3)
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where:

• η(γ̇) is the viscosity at shear rate γ̇,
• η0 is the zero-shear viscosity (Pa·s),
• η∞ is the infinite-shear viscosity (Pa·s),
• k is a time constant related to the transition between Newtonian and shear-thinning regimes (s),
• m is the power-law index indicating the extent of shear-thinning.

This model is particularly suitable for methyl cellulose systems, which exhibit a broad Newtonian
plateau at low shear rates and pronounced shear-thinning due to alignment and disentanglement of
the polymer chains at high shear [3,4].

The two-mode Maxwell model effectively captures the dual relaxation processes likely associated
with different network domains or chain dynamics in the methyl cellulose gel structure [1]. Meanwhile,
the Cross model is widely accepted for describing the flow properties of such polymer solutions
across several decades of shear rate. To investigate the rheological response of the self-emulsifying
creamy ointment system containing methyl cellulose (MC), triacetin (6%), triethyl citrate (6%), and a 5%
co-solvent blend (benzyl alcohol, phenyl ethanol, and lavender oil), we employed a Herschel–Bulkley
model with thixotropy. This model captures the combined effects of yield stress, shear-thinning,
and structural evolution under time-dependent shear. The base flow curve was modeled using the
Herschel–Bulkley equation:

τ = τy + Kγ̇n (4)

where τ is the shear stress (Pa), τy is the yield stress (Pa), K is the consistency index (Pa·sn), n is
the flow behavior index (dimensionless), and γ̇ is the applied shear rate (s−1).

To incorporate thixotropic behavior, a time-dependent structural parameter λ(t) (ranging from 0
to 1) was introduced, such that:

τ = λ(t) · τy + Kγ̇n (5)

The evolution of λ(t) was governed by the kinetic equation:

dλ

dt
= krebuild(1 − λ)− kbreakλ|γ̇| (6)

Here, krebuild is the structural recovery rate (s−1), and kbreak is the rate of structural breakdown due
to shear (s−1). The viscosity η was computed from the ratio η = τ/γ̇. This model was selected because
it accurately represents the yield stress and hysteresis behavior commonly observed in emulsified and
gelled systems stabilized by amphiphilic plasticizers and aromatic co-solvents. These components
alter the microstructure of the methyl cellulose matrix and influence its breakdown and rebuilding
under shear [29–31].

The model effectively describes yielding transition, which is a hallmark of semi-solid emulsions
and creams, where flow only occurs beyond a critical stress threshold; viscosity hysteresis, which
is characteristic of time-dependent breakdown and rebuild of gel structures, as demonstrated by
the difference between upward and downward ramps; and nonlinear flow behavior important for
predicting real-world application performance, including extrudability, spreadability, and retention
on the skin. Model parameters were selected based on typical values for thixotropic gels (τy = 8
Pa, K = 15 Pa·sn, n = 0.65), and simulations were conducted over a shear rate range of 0.1 to
100 s−1 for both increasing and decreasing ramps. An 8% Gaussian noise was added to simulate
experimental variability.

2.9. Drug Release Kinetic Models

Drug release from the emulsions was tested in two different conditions. The first was self-diffusion
of the emulsion (see Figure 1(c)) , and the second was gentle mixing. Several widely accepted drug
release kinetic models were also evaluated. These models help elucidate the underlying release
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mechanisms and support predictive modeling for formulation optimization. The Weibull model, an
empirical model suitable for various release kinetics, is defined as:

F(t) = 1 − exp

[
−
(

t
τ

)β
]

(7)

where F(t) is the fraction of drug released at time t, τ is the scale parameter (indicating time to
63.2% release), and β is the shape factor [16]. The Korsmeyer-Peppas model is commonly used for
polymeric matrix systems:

F(t) = ktn (8)

where k is a kinetic constant and n is the release exponent that indicates the mechanism of release
(e.g., Fickian, anomalous) [15]. The Higuchi model assumes a diffusion-controlled process based on
Fick’s law and is expressed as:

F(t) = kHt1/2 (9)

where kH is the Higuchi constant, representing the rate of drug release [12]. The First-order
model is described by a concentration-dependent release rate:

dF
dt

= k(1 − F) (10)

Solving Equation (10) yields:
F(t) = 1 − e−kt (11)

where k is the first-order release constant [14]. The performance of each model was evaluated
using R2, RMSE, and AIC values and the results were tabulated.

3. Results and Discussions
3.1. Conductivity Changes During Emulsification

Figure 2 shows the temporal conductivity profiles of oil-in-water emulsions prepared using
mechanical mixing and high-shear homogenization. Both emulsions are Emulsion 1 shown in Table 1.
The progressive decrease in conductivity reflects the continuous dispersion of non-conductive oil
droplets into the conductive aqueous phase. As emulsification progresses, the conductive continuous
phase becomes increasingly obstructed by dispersed oil droplets, thereby reducing ion mobility and
measurable conductivity [32,33].

0 5 10 15 20 25
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nd

uc
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Fit: Mechanical Mixing
Fit: Homogenizer
Mechanical Mixing
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Figure 2. Comparison of conductivity changes over time for mechanical mixing and homogenizer treatments
during emulsification. Fits are based on exponential decay plus linear recovery. Error bars represent range of
uncertainty in data collection.
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Both datasets were modeled using an exponential decay combined with a linear recovery compo-
nent to capture the kinetics of droplet dispersion and subsequent stabilization effects:

y(t) = A · e−Bt + C · t + D (12)

where A and B describe the amplitude and rate of conductivity loss due to droplet formation,
while C and D account for slower phase interactions and the final plateau conductivity, respectively.

3.2. Effect of Mixing Method

Homogenizer-treated emulsion exhibited a much sharper and more immediate decline in con-
ductivity, consistent with the high shear and cavitation forces generated during homogenization. As
detailed in Jafari et al. [34], such forces enable efficient droplet breakup by overcoming interfacial
tension more effectively than mechanical mixing. This results in the rapid creation of fine, uni-
formly dispersed oil droplets that quickly block ionic pathways in the continuous phase. Mechanical
mixing, by contrast, produced a more gradual conductivity decline, indicating slower emulsifica-
tion kinetics and less efficient droplet dispersion. The relatively lower energy input in mechanical
mixing limits the ability to disrupt and disperse oil phases, leading to larger droplets and delayed
conductivity reduction.

Interestingly, the mechanical mixing process showed a minor recovery in conductivity over
longer timescales. This could indicate droplet recoalescence or structural reorganization, possibly
due to insufficient energy input to maintain stable small droplets. This behavior aligns with the
weaker dispersion stability observed in lower-shear systems, as highlighted in prior emulsification
studies [34]. Homogenization produced emulsions with lower plateau conductivity and more stable
droplet distributions, as confirmed by lower D values and higher decay rates (B) from the fitted
models. This reflects the formation of smaller, more stable droplets resistant to coalescence, critical
for producing long-term stable emulsions. In contrast, mechanical mixing, while less effective in
reducing conductivity rapidly, may be preferred in formulations where gentle dispersion is required or
where excessive shear could compromise sensitive components such as breakdown of bulky polymeric
ingredients [35].

3.3. Interpretation of Fitted Parameters

The fitted model parameters presented in Table 2 provide insights into the emulsification kinet-
ics and structural evolution of the oil-in-water emulsions produced using mechanical mixing and
homogenization.

Table 2. Fitted model parameters for conductivity reduction during oil-in-water emulsification using mechanical
mixing and homogenization.

Parameter Unit Mechanical Mixing Homogenizer

A µS/cm 450.95 419.87
B hr−1 0.2707 0.6539
C µS/(cm·hr) 5.2438 3.0758
D µS/cm -36.26 -6.65

The amplitude parameter A, representing the initial conductivity drop magnitude, was higher
for the mechanically mixed samples (450.95 µS/cm) compared to the homogenized emulsions
(419.87 µS/cm). This suggests that the mechanically mixed system retained higher initial ionic
conductivity, likely due to a slower dispersion of non-conductive oil droplets in the early stages of
emulsification. The decay rate constant B was notably higher for the homogenizer samples (0.6539 hr−1)
compared to mechanical mixing (0.2707 hr−1). This indicates that homogenization facilitated faster
emulsification, as the high shear and cavitation effects rapidly dispersed the oil phase and reduced the
continuous phase’s conductivity. The recovery slope C was larger in the mechanically mixed system
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(5.2438 µS/(cm·hr)) than in the homogenized samples (3.0758 µS/(cm·hr)). This suggests that the
mechanical mixing process allowed for slow structural rearrangements or partial recoalescence over
time, contributing to a gradual increase in conductivity as ionic pathways were partially restored.

Finally, the plateau offset parameter D was negative for both processes but less negative for the ho-
mogenized emulsions (−6.65 µS/cm) compared to mechanical mixing (−36.26 µS/cm). This negative
offset is likely a mathematical artifact of the exponential decay plus linear recovery model, representing
an overshoot effect beyond the physical conductivity minimum. Nonetheless, the less negative D value
in homogenizer-treated samples further supports the formation of a more stable and homogeneously
dispersed emulsion, with reduced likelihood of structural recoalescence. Overall, these parameters
quantitatively confirm that homogenization promotes faster and more stable emulsification relative to
mechanical mixing, consistent with the observed conductivity trends [32,34]. Using conductivity as
a surrogate marker for droplet dispersion provides a novel, indirect yet practical approach to track
emulsion formation and stabilization. However, care must be exercised during ultrasonic processing
of polymeric emulsions as molecular weights can be modified during this process [36].

3.4. Viscoelasticity of methyl cellulose solutions

Panel (a) of Figure 3 illustrates the frequency-dependent viscoelastic response of a 3wt.% mehtly
cellulose solution in water characterized by the storage modulus (G′) and loss modulus (G′′) modeled
using a two-element Maxwell model. The simulated data align well with the expected behavior of
structured semi-solid systems, where G′ dominates at higher frequencies, indicating elastic-dominant
behavior, while G′′ prevails at lower frequencies, reflecting viscous contributions. This dual behavior
is typical of pharmaceutical emulsions and gels, where microstructural elements like droplet interfaces
or polymer networks contribute to viscoelasticity [26,27]. The scattered data due to experimental
measurements captures the variability commonly observed in experimental rheometry, especially in
formulations that undergo interfacial or hydration dynamics over time [2,14]. The sharp crossover
behavior between G′ and G′′ supports the assumption of a dominant relaxation mode, which is often
used in simplified modeling of topical delivery systems [6,28].
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Figure 3. Three percent methyl cellulose solution in water. (a) Frequency-dependent storage modulus (G′) and
loss modulus (G′′) fitted using a two-element Maxwell model. (b) Shear-rate dependent viscosity modeled using
the Cross model. In both panels, open symbols represent experimental data including error bars.

3.5. Shear-Thinning

Panel (b) of Figure 3 shows the shear rate-dependent viscosity modeled using the Cross model.
This empirical model effectively captures the shear-thinning behavior typical of semi-solid formulations
such as emulgels, nanoemulsions, and lipid-based gels [4,37]. The viscosity decreases by several orders
of magnitude with increasing shear rate, which facilitates spreadability and patient compliance upon
topical application [9,10]. The high zero-shear viscosity (η0 ∼ 100 Pa·s) and the low infinite-shear
viscosity (η∞ ∼ 0.001 Pa·s) suggest the formulation has strong internal network structures at rest that
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break down under mechanical stress. This characteristic is advantageous for controlled drug release as
it ensures structural integrity during storage and flowability during application [3,7].

3.6. Implications for Topical Drug Delivery Systems

Understanding the viscoelastic and flow properties of pharmaceutical emulsions is critical for
optimizing drug release kinetics and enhancing dermal penetration. Systems exhibiting high elasticity
at relevant physiological frequencies can maintain longer residence times on the skin and resist
deformation, thus modulating release [12,16]. Moreover, formulations with pronounced shear-thinning
allow for improved application characteristics, reduced dosing variability, and better spreadability
on curved or irregular skin surfaces [1,8]. The combination of Maxwell and Cross modeling, as
demonstrated in Figure 3, offers a predictive framework to rationally design semi-solid systems that
meet the dual requirements of mechanical stability and patient usability. Future work may incorporate
temperature dependence and thixotropic recovery to simulate in vivo application conditions more
accurately [11].

3.7. Viscoelsticity of creamy emulsions

Figure 4 presents the rheological characterization of the self-emulsifying methyl cellulose ointment
system containing triacetin, triethyl citrate, aromatic alcohols and the essential oil (Emulsion 1). The
data are shown for both upward and downward shear rate ramps to highlight hysteresis effects in
flow and viscosity behavior.
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Figure 4. Rheological properties of the self-emulsifying ointment system, Emulsion 1. (a) Flow curves displaying
shear stress as a function of shear rate for increasing (solid red) and decreasing (dashed blue) ramps, including
experimental data. The yield stress, indicated by the horizontal dotted line, demonstrates the critical stress
threshold required for flow initiation. (b) Apparent viscosity hysteresis loops showing viscosity versus shear
rate during the upward and downward ramps, illustrating the time-dependent breakdown and recovery of the
material’s internal structure.

The rheological behavior was modeled using a Herschel–Bulkley constitutive equation aug-
mented with a thixotropic structural parameter λ(t) to capture the time-dependent microstructural
changes under shear. This parameter evolves according to competing breakdown and rebuild kinetics
described by:

dλ

dt
= krebuild(1 − λ)− kbreakλ|γ̇| (13)

where kbreak and krebuild govern the rates of structural degradation and recovery, respectively.
As seen in Figure 4(a), the upward shear rate ramp exhibits a pronounced yield stress behavior,

with shear stress remaining near the yield value τy = 8 Pa until flow initiates. The downward ramp
deviates from the upward curve, indicative of hysteresis resulting from the thixotropic nature of the
formulation. This behavior reflects the breakdown of the internal gel-like network upon shearing
and its partial recovery during relaxation [26,27]. Figure 4(b) further emphasizes this hysteresis via
viscosity measurements. The apparent viscosity decreases sharply as shear rate increases during
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the upward ramp, demonstrating shear-thinning. Upon decreasing shear rate, the viscosity follows
a different path, forming a loop that confirms the material’s time-dependent structural evolution.
The model’s inclusion of λ(t) successfully captures these complex dynamics, aligning well with the
experimental data.

The choice of the Herschel–Bulkley plus thixotropy model is appropriate for this ointment system
due to its ability to represent:

• The yield stress character typical of semi-solid emulsions and polymer gels [26,27].
• Non-Newtonian shear-thinning flow behavior arising from polymer chain disentanglement and

emulsifier action [3,28].
• Time-dependent structural breakdown and rebuilding under cyclic shear, crucial for predicting

application performance such as spreadability and stability [37,38].

Incorporation of plasticizers (triacetin, triethyl citrate) and aromatic co-solvents (benzyl alcohol,
phenyl ethanol, lavender oil) modifies the microstructure and interfacial properties of the methyl
cellulose network, affecting the parameters controlling thixotropic behavior [29–31]. The antimicrobial
properties of these additives additionally contribute to formulation stability [4,39]. Overall, the
good agreement between model predictions and experimental data validates the model’s utility for
describing and optimizing self-emulsifying topical formulations.

3.8. Drug release analysis

Lavender essential oil, derived from Lavandula angustifolia, has demonstrated notable antibac-
terial activity against a broad spectrum of Gram-positive and Gram-negative bacteria due to its
high content of linalool and linalyl acetate, which disrupt microbial membranes and metabolic path-
ways [29,30]. These properties have made lavender oil an attractive component in pharmaceutical
emulsions and topical ointments, where it serves as both an active antimicrobial agent and a fragrance
enhancer [39]. In emulsified formulations, lavender oil can enhance stability by participating in the
oil phase and may contribute synergistically when combined with preservatives like benzyl alco-
hol or phenyl ethanol [31]. Moreover, its natural origin and minimal toxicity make it favorable for
dermatological applications, particularly in formulations aimed at treating wounds, burns, and skin
infections [40].

The drug release kinetics were analyzed for both the original emulsion and gently mixed systems,
with fitting results presented separately in Table 3 (original) and Table 4 (mixed). The comparative
release profiles are shown in Figure 5.

Table 3. Model fitting results for original emulsion system.

Model Parameters R2 RMSE (%) AIC

Weibull τ = 5.24,
β = 2.59 0.985 4.56 112.3

Korsmeyer-
Peppas

k = 6.05,
n = 0.75 0.963 6.82 125.7

Higuchi kH = 29.12 0.932 8.91 138.2
First-order k = 0.42 0.876 11.34 152.9

Table 4. Model fitting results for gently mixed system.

Model Parameters R2 RMSE (%) AIC

Weibull τ = 1.21,
β = 1.45 0.997 1.52 89.5

Korsmeyer-
Peppas

k = 35.20,
n = 0.63 0.993 2.89 98.3

Higuchi kH = 42.85 0.962 5.12 115.6
First-order k = 0.57 0.945 6.24 122.8
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Figure 5. Drug release profiles comparing original emulsion (blue circles, solid fit line) and gently mixed system
(orange squares, dashed fit line). Error bars represent uncertainty range in measurements.

The Weibull model demonstrated superior performance for both systems, achieving the highest
R2 values (0.985 for original, 0.997 for mixed) and lowest AIC scores (112.3 and 89.5 respectively) as
shown in Tables 3 and 4. This model’s accuracy is further supported by the low RMSE values (4.56%
for original, 1.52% for mixed), which were 3–4 times lower than alternative models. The gently mixed
system showed consistently better fit quality across all metrics, suggesting more predictable release
kinetics. Comparative analysis of the Weibull parameters reveals significant differences between
systems. The original emulsion exhibited a longer timescale (τ = 5.24 h) and more pronounced
sigmoidal character (β = 2.59), indicating gradual matrix hydration followed by accelerated release.
In contrast, the gently mixed system showed faster release (τ = 1.21 h) with reduced sigmoidicity
(β = 1.45), suggesting immediate drug accessibility due to microstructural disruption. These kinetic
differences are visually apparent in Figure 5, where the mixed system’s profile lacks the distinct lag
phase seen in the original emulsion.

The scatter in measured data in Figure 5 demonstrate good experimental reproducibility across
all time points. The tighter error margins for the mixed system (Table 4, RMSE=1.52%) compared
to the original emulsion (RMSE=4.56%) may reflect greater homogeneity induced by mixing. The
Korsmeyer-Peppas model also provided excellent fits (R2 > 0.99) for both systems, with the release
exponent n values (0.63–0.75) confirming anomalous transport mechanisms combining diffusion and
erosion. The mechanistic interpretation of these parameters provides insight into the underlying
release processes. The high β value (> 2) for the original emulsion indicates strong sigmoidal behavior,
characteristic of systems with initial lag phases followed by accelerated release. This pattern reflects
gradual matrix hydration and subsequent erosion-dominated drug liberation, consistent with previous
reports [14]. In contrast, the reduced β in the mixed system suggests more immediate drug accessibility,
likely due to mixing-induced disruption of the emulsion microstructure.

3.9. Growth inhibition and kill

The MIC (minimum inhibitory concentration)) and MBC (minimum bacterial concentration)
results presented in Table 5 indicate a clear enhancement of antibacterial efficacy when benzyl alcohol
and phenylethanol are incorporated into the non-aqueous phase of the emulsions. Against both E. coli
and LAB strains, emulsions containing 2% benzyl alcohol and 2% phenylethanol exhibited significantly
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lower MIC and MBC values compared to formulations lacking these additives. Specifically, for E. coli,
the MIC decreased from 0.60 % to 0.35 %, and the MBC from 1.00 % to 0.85 % upon inclusion of the
aromatic alcohols. A similar trend was observed for LAB, with the MIC reducing from 0.75 % to 0.55 %
and the MBC from 1.50 % to 0.95 %. These findings suggest that benzyl alcohol and phenylethanol act
synergistically with the essential oil components to enhance membrane disruption or permeabilization,
thereby contributing to faster bacterial inhibition and killing. Both compounds are small aromatic
alcohols with known antimicrobial properties and the capacity to disrupt lipid bilayers, facilitating
penetration of active compounds into bacterial cells [41,42] . Their amphiphilic character likely assists
in destabilizing microbial membranes, thus enhancing the activity of the dispersed essential oil phase.

Moreover, the observed reduction in both MIC and MBC values across Gram-negative (E. coli) and
Gram-positive (LAB) bacteria underscores the broad-spectrum potential of these additives when incor-
porated into self-emulsifying systems. While the emulsions without benzyl alcohol and phenylethanol
still exhibited antimicrobial activity, the increased MIC and MBC values confirm the role of these com-
pounds as potentiators rather than primary antimicrobials. In summary, the inclusion of benzyl alcohol
and phenylethanol enhances both dispersion efficacy and antimicrobial activity of the emulsified essen-
tial oil system, offering a promising formulation strategy for broad-spectrum antibacterial applications.

Table 5. Minimum Inhibitory Concentration (MIC) and Minimum Bactericidal Concentration (MBC) of emulsions
containing different non-aqueous phase ingredients against E. coli and LAB.

Bacteria Triethyl
Citrate (%)

Triacetin
(%)

Benzyl
Alcohol

(%)

Phenyl
ethanol (%) MIC (%) MBC (%)

E. coli 6.0 6.0 2.0 2.0 0.35 0.85
E. coli 6.0 6.0 0.0 0.0 0.60 1.00
LAB 6.0 6.0 2.0 2.0 0.55 0.95
LAB 6.0 6.0 0.0 0.0 0.75 1.50

4. Modeling Microbial Population Data
Figure 6 illustrates the optical density (OD) decay over time for different emulsions subjected to

antibacterial treatment, including two control emulsions and cases with no mixing and gentle mixing.
The OD values can be indirectly correlated to bacterial concentration, with reduction indicating
bacterial kill. To model the bacterial reduction data, a generalized logistic decay model was employed,
defined as:

N(t) = Ninf +
N0 − Ninf

1 + (k · t)β
, (14)

where N(t) represents the bacterial concentration (in log10 CFU/mL) at time t, N0 is the initial bacterial
load, Ninf is the lower asymptote (final bacterial load), k is the decay rate, and β is a shape parameter
controlling the steepness of the decline. This model was chosen for its ability to capture the nonlinear
dynamics of bacterial inactivation, including initial lag phases, rapid declines, and asymptotic behavior,
which are common in microbial reduction studies [43,44].

The logistic model offers several advantages over simpler models, such as linear or power-law
decay functions. Unlike the power-law model, which assumes a fixed initial value and lacks a lower
asymptote, the logistic model allows for a variable initial bacterial load (N0) and a final plateau (Ninf),
accommodating datasets with diverse starting points and saturation effects [45]. This flexibility is
particularly relevant for the four datasets analyzed: Control 1 (no antibacterials), Control 2 (benzyl
alcohol + phenylethanol, no essential oil), No Mixing, and Gentle Mixing. For instance, Control
1 exhibits minimal reduction, remaining near 9 log10CFU/mL, while Gentle Mixing shows a rapid
decline followed by a plateau near 3 log10CFU/mL.

The model was fitted to each dataset using nonlinear least-squares regression, implemented via
the curve_fit function in SciPy [46]. Initial parameter guesses were set as N0 = 9.0, Ninf = 2.0,
k = 0.5, and β = 1.0, based on the observed data ranges. The fits successfully captured the distinct
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behaviors of the datasets: Control 1’s near-constant profile, Control 2’s gradual decline, and the sharper
reductions in No Mixing and Gentle Mixing cases. The model’s logistic form effectively described the
asymptotic behavior in Control 2 and Gentle Mixing, where bacterial counts stabilized, and its shape
parameter (β) adjusted the transition steepness, particularly for the rapid decline in Gentle Mixing.
Error bars and the fitted curves generally fell within these uncertainties, indicating robust fits. Figure 6
illustrates the experimental data and fitted curves for all four datasets.
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Figure 6. Bacterial reduction data and fitted generalized logistic decay curves for four datasets: Control 1 (no
antibacterials, blue circles), Control 2 (benzyl alcohol + phenylethanol, no essential oil, green circles), No Mixing
(black circles), and Gentle Mixing (red circles). Mixing cases are done with Emulsion 1. Solid and dashed lines
represent the fitted models, with error bars. The model effectively captures minimal reduction in Control 1,
gradual decline in Control 2, and rapid declines with plateaus in No Mixing and Gentle Mixing.

The generalized logistic model aligns with established microbial inactivation frameworks, such
as those described by [44], which emphasize the need for models that account for lag phases and
tailing effects. Its application here ensures biologically meaningful parameters and improved fit
quality compared to the power-law models, particularly for datasets with minimal reduction or
plateauing behavior [43]. Control emulsions exhibit minimal to moderate reduction over 8 hours,
indicative of stable bacterial populations or natural die-off. In contrast, the gentle mixing case shows
significantly accelerated kill kinetics, reflected in a higher rate constant k and a β parameter suggesting
a complex time dependence, possibly due to enhanced antibacterial agent distribution or increased
shear stress [47]. The no mixing case presents intermediate behavior, with slower reduction than the
mixed sample, underscoring the role of physical agitation in antimicrobial efficacy. These findings
align with prior studies demonstrating that mixing can improve contact between antimicrobials and
bacteria, thereby enhancing kill rates [48].

4.1. Bactericidal Effects on Lactic Acid Bacteria (LAB)

Several strains of lactic acid bacteria (LAB) exhibit varying degrees of antibiotic resistance, both
phenotypically and genotypically. Notably, inconsistencies are often observed between resistance phe-
notypes and the presence of known resistance genes, suggesting the involvement of novel mechanisms,
mutations, or undetected gene variants [49–51]. Common resistance traits in LAB include intrinsic
resistance to aminoglycosides (e.g., gentamicin, streptomycin), vancomycin, and quinolones [50].
Moreover, acquired resistance genes such as tet(M), tet(S), erm(B), and aad(E) are frequently detected,
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particularly in strains used in food and feed applications [51]. Experimental evidence has shown that
genes like tet(S) and aad(E) can be transferred from Enterococcus thailandicus to Enterococcus faecalis
via conjugation [51]. Additionally, conjugative transfer of erm(B) and tet(M) from LAB to Listeria
monocytogenes has been demonstrated [50].

Considering that lactic acid bacteria (LAB) can act as vectors for antibiotic resistance—particularly
when they harbor mobile antibiotic resistance genes (ARGs)—it is critical to assess the antimicrobial
performance of novel formulations. We monitored changes in optical density (OD600) over time to
evaluate the efficacy of our creamy emulsion ointments against LAB, as the essential oil dispersed
into the bacteria-laden medium. As illustrated in Figure 7, four conditions were tested: Control 1 (no
antibacterial agent), Control 2 (benzyl alcohol + phenylethanol), Emulsion 1 without mixing, Emulsion
1 with mixing.
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Figure 7. Optical density (OD600) profiles of lactic acid bacteria (LAB) cultures over time under four different
treatment conditions: (i) Control 1 – bacteria in nutrient medium without any antibacterial agent (blue markers),
(ii) Control 2 – bacteria exposed to benzyl alcohol and phenylethanol emulsion without essential oil (green
markers), (iii) Lavender oil emulsion prepared without mechanical mixing (red markers), and (iv) Lavender oil
emulsion prepared with high-shear mixing (magenta markers). Error bars represent variability based on replicate
measurements. Solid lines indicate the logistic decay model fits to the experimental data.

In Control 1, LAB exhibited continual growth, as evidenced by the rising OD values over 8 hours.
As such, no decay model could be fitted. Control 2, while showing a modest inhibitory effect from
benzyl alcohol and phenylethanol, did not prevent growth, indicating limited antimicrobial action
from these alcohols alone. However, both formulations containing lavender essential oil demonstrated
significant inhibitory effects, consistent with documented antimicrobial properties of lavender EO
against various microorganisms including LAB, E. coli, MRSA, and VRE [52,53]. In particular, the
no-mixing lavender oil formulation induced a gradual OD decrease, indicating a slower release and
diffusion of antimicrobial EO. In contrast, the mixed formulation produced a rapid, steep decline in
OD, implying enhanced dispersion, smaller droplet size, and faster release kinetics, thereby amplifying
antibacterial efficacy. This observation aligns with prior studies showing that nano- and micro-
emulsions of essential oils exhibit superior antimicrobial effects due to increased surface area and
membrane disruption [54,55].
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Quantitatively, the mixed lavender formulation achieved an approximate 60–70% reduction in
OD within the first 3 hours, compared to about 30–40% reduction in the no-mix formulation over
the same period. These results underscore the importance of formulation method in maximizing
antibacterial performance. Overall, our findings suggest that mechanical mixing significantly improves
EO dispersion and antimicrobial efficacy, transforming a bacteriostatic effect into a rapid bactericidal
response against LAB. The reduction of OD—an indicator of cell death or growth arrest—supports the
potential application of such emulsified ointments for controlling antibiotic-resistant LAB carriers in
both clinical and food-chain contexts. The antibacterial potency of lavender EO against Gram-positive
and Gram-negative bacteria is well documented. Minimum inhibitory concentrations (MICs) typically
range between 0.625 to 35.0 mg/mL for E. coli and S. aureus [52,53]. This may be approximately
translated into 0.06% to 3.5%. Emulsification enhances this effect, as seen in studies where EO micro-
emulsions inhibited bacterial growth at concentrations as low as 0.8% [54]. Our findings align with
these results, showing that the mixed formulation exerts potent antimicrobial activity at comparable EO
levels. By focusing on LAB as vectors of ARGs, our study highlights a novel application niche for such
EO emulsions—namely, preventing the spread of resistance genes—beyond the typical scope of food
preservation or surface disinfection. Further work should include MIC determination, viability assays
(e.g., CFU counts), and membrane interaction studies to comprehensively validate these formulations
for applied use.

5. Conclusions
We successfully formulated and evaluated a self-emulsifying creamy ointment based on methyl

cellulose and lavender essential oil, enhanced with triacetin, triethyl citrate, benzyl alcohol, and
phenylethanol. Rheological analysis confirmed desirable viscoelastic and shear-thinning prop-
erties, vital for topical application performance. Mathematical modeling using Maxwell, Cross,
and Herschel–Bulkley equations with thixotropy effectively described the emulsion’s complex
mechanical behavior.

Essential oil release studies revealed that mixing improved dispersion and accelerated drug
delivery, with Weibull kinetics best representing the release profile. Antibacterial testing confirmed
that benzyl alcohol and phenylethanol enhanced the bactericidal activity of lavender oil, lowering MIC
and MBC values across both Gram-negative and Gram-positive bacteria. Mixed emulsions achieved
rapid and extensive bacterial kill, supporting their utility for treating infections and possibly curbing
the spread of antibiotic-resistant LAB.

Our findings underscore the importance of formulation technique in optimizing both physical and
biological performance of topical emulsions. This study lays the groundwork for future development
of self-emulsifying antimicrobial systems targeting both dermatological and public health applications.
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