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Abstract

Cosmetic preservatives should have reduced percutaneous absorption to lower the risk of systemic
exposure and skin irritation. In this work, Escherichia coli 3-galactosidase was used to enzymatically
modify several of the commonly used cosmetic preservatives to produce their corresponding
galactosylated derivatives: benzyl alcohol [-D-galactopyranoside 7, 2-phenoxyethanol (-D-
galactopyranoside 8, chlorphenesin  [-D-galactopyranoside 9, 1,2-hexanediol [-D-
galactopyranoside 10, 1,2-octanediol [-D-galactopyranoside 11, and 2-phenylethyl [(-D-
galactopyranoside 12. HPLC and NMR spectroscopy were used to analyze the synthesized
derivatives. The Franz diffusion cell assay was used to evaluate skin penetration. 2-phenoxyethanol
(PE), chlorphenesin (CPN), and 2-phenylethanol (PhE), exhibited measurable skin penetration with
flux values ranging from 3.82 to 7.34 pg-h™-cm=2 and permeability coefficients (Kp) between 1.38 and
3.00 x10-% cmh.. In contrast, their galactosylated derivatives showed markedly reduced permeation
under the same experimental conditions. Moreover, brine shrimp lethality assays indicated that
galactosylated derivatives had significantly higher LDsy values (1.6-2.1 mg/mL) than their parent
compounds (0.1-0.79 mg/mL), suggesting lower cytotoxicity. These findings suggest that enzymatic
galactosylation can significantly decrease skin permeability and the toxicity of cosmetic
preservatives, highlighting its potential as a strategy to improve the safety of cosmetic ingredients.

Keywords: cosmetics; preservatives; enzymatic galactosylation; [3-galactosidase; skin permeability;
cytotoxicity; Franz diffusion cell

1. Introduction

Cosmetic preservatives are commonly used in personal care products to prevent microbiological
contamination and ensure product stability during storage and use. However, the safety of
preservatives has become a major concern because several commonly used chemicals can penetrate
the skin and cause irritation, allergic reactions, or systemic exposure with continuous usage[1-3].

Many preservatives, such as 2-phenoxyethanol, chlorphenesin, benzyl alcohol, and 2-
phenylethanol, are frequently used in cosmetic formulations due to their broad antibacterial
properties and formulation compatibility[4-6]. Some of these compounds have been shown in
previous studies to exhibit varying degrees of skin barrier penetration despite their effectiveness[7,8].

A particular approach to reducing the epidermal penetration of small molecules is chemical or
enzymatic process that increases their hydrophilicity and molecular size[9-11]. Glycosylation,
particularly galactosylation, has been widely used in pharmacological and biochemical research to
modify the physicochemical properties of bioactive compounds[12] making less permeable through
the lipophilic layers of the epidermal barrier[13]. Enzymatic galactosylation has several advantages

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202605.0095.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 4 May 2026 d0i:10.20944/preprints202605.0095.v1

2 of 18

over traditional chemical synthesis, including excellent specificity, mild reaction conditions, and
environmentally friendly process. p-galactosidase from Escherichia coli is commonly used as a
biocatalyst in transgalactosylation strategies to produce galactosylated derivatives[14,15].

In this study, galactosylated derivatives of several widely used cosmetic preservatives were
produced via enzymatic modification. Chromatographic and spectroscopic techniques were used to
characterize the modified compounds. Additionally, Franz diffusion cell studies were used to assess
the skin penetration of the parent compounds and their galactosylated derivatives. Brine shrimp
lethality experiment was also used to measure cytotoxicity (LDso). The purpose of this study was to
determine whether galactosylation may improve the safety profile of cosmetic preservatives for
cosmetic applications by lowering their skin permeability and toxicity. The enzymatic galactosylation
of conventional preservatives benzyl alcohol (BnOH) 1, 2-phenoxyethanol (PE) 2, chlorphenesin
(CPN) 3, 1,2-hexanediol (HD) 4, and 1,2-octanediol (OD) 5 and 2-phenylethanol (PhE) 6 using E. coli,
[-galactosidase resulted in the yielding of their corresponding galactosylated derivatives 7-12, as
shown in Figure 1.
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Figure 1. Galactosylation-mediated transformation of benzyl alcohol 1, 2-phenoxyethanol 2, chlorphenesin 3,

1,2-hexanediol 4, 1,2-octanediol 5, and 2-phenylethanol 6 into 3-D-galactosylated compounds 7-12.

Previously we synthesized and characterized 1,2-octanediol (-D-galactopyranoside 11 and
benzyl alcohol (-D-galactopyranoside 7[16], 2-phenoxyethanol (-D-galactopyranoside 8[17],
chlorphenesin [3-D-galactopyranoside 9[18], and 1,2-hexanediol (3-D-galactopyranoside 10[19] using
Escherichia coli expressing (-galactosidase. These galactoside derivatives showed improved water
solubility, reduced cytotoxicity, and sustained antimicrobial activity, highlighting their potential as
safer and more effective cosmetic preservatives[17].

Dermal permeability of chemical substances can be evaluated using Franz diffusion cell
assay[20]. Conventional cosmetic preservatives CPN, PE, and PhE are commonly used in cosmetics
due to their strong antimicrobial activity, but their ability to penetrate the skin may lead to cytotoxic
and systemic effects[21].
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Cytotoxicity of non-galactosylated and galactosylated compounds was evaluated using the
brine shrimp lethality assay. The 24-hour toxicity was determined by calculating LDs, values,
representing the concentration required to kill 50% of the shrimp larvae, following a standard
protocol. Experiments were performed in five independent sets, each conducted in triplicate, to
ensure reproducibility and reliability of results[22].

The successful synthesis of [3-D-galactopyranoside derivatives of benzyl alcohol, 2-phenoxy
ethanol, chlorphenesin, 1,2-hexanediol, 1,2-octanediol, and 2-phenylethanol was confirmed by LC-
MS and 'H/*C NMR analysis. The spectra showed the expected characteristic signals corresponding
to both the sugar and aglycone moieties, confirming the structures of the synthesized
derivatives[23,24].

2. Material and Method

The following compounds were purchased from commercial suppliers: 2-phenoxyethanol (PE)
(Fluka), 2-phenylethanol (PhE) (Sigma-Aldrich, USA), chlorphenesin (CPN) (CosMol Co., Siheung,
Korea), 1,2-hexanediol (Samchun), 1,2-octanediol (ThermoScientific, UK), and methyl paraben
(Sigma-Aldrich, India). Phosphate-buffered saline (PBS) solution was prepared by dissolving one PBS
tablet (Sigma-Aldrich, USA) in 200 mL of triple-distilled water. Thin-layer chromatography (TLC)
plates (DC Kiesel gel 60 F254) were obtained from Merck Millipore, USA, and silica gel 60 (0.040-
0.063mm) was also acquired from Merck Millipore for chromatographic applications.

For skin permeability experiments, the Strat-M™ Membrane (Transdermal Diffusion Test
Model) was used. HPLC analysis was performed using a Waters 2695 model. The solvents used
included anhydrous ethanol and methanol (Daesung, Siheung, Korea) and acetonitrile (99.9%)
(Samjeon, Seoul, Korea). The Franz Diffusion cell assay equipment was obtained from BNC Tech,
Daejeon, Korea, and used for skin permeability experiments.

2.1. Preparation of Culture Medium

The culture medium was made by dissolving yeast extract (20 g), glycerol (20 g), KH,PO4 (2.3 g),
and Na,HPO,.12H,0 (25.75 g) in distilled water. The final volume was adjusted to 1 L with distilled
water under magnetic stirring.

2.2. Sterilization Procedure

100 mL of the medium for seed culture preparation was put into a 500 mL Erlenmeyer flask, and
the remaining 900 mL was put into the fermenter for main culture. The Erlenmeyer flask was sealed
with a silicon stopper and wrapped in aluminum foil. The fermenter was assembled as per the
manufacturer's instructions.

Arabinose (1%, 10 mL) and fucose (0.5%, 10 mL) solutions were prepared in 15 mL conical tubes,
loosely sealed, and covered with foil before sterilization. Aluminum foil was also placed over 1000
uL and 200 pL micropipette tip boxes before autoclaving. All equipment used to handle
microorganisms was sterilized before the experiment.

2.3. Synthesis of Galactosylated Compounds Using p-Galactosidase

[-galactosidase was heterologously expressed in recombinant E. coli under the control of the
araBAD promoter using the pBAD/Myc-His/lacZ vector (7.2 kb; Invitrogen, Carlsbad, CA, USA).
After fermentation, the enzyme was purified from the bacterial cells for subsequent reactions.

For the synthesis of 2-phenoxyethanol-galactoside (PE-gal), PE (940 pL, 75 mM) was mixed with
50 mM phosphate-buffered saline (PBS, pH 7.0), and the total volume was adjusted to 100 mL. Lactose
(30 g) was dissolved using a sonicator, followed by the addition of (-galactosidase (1200 U). The
reaction was incubated at 37°C with shaking at 200 rpm for 48 h. Other galactosylated derivatives
were synthesized using the same method with different substrates, including 1,2-hexanediol (878 pL),
1,2-octanediol (1,218 uL), 2-phenylethanol (898 uL), and chlorphenesin (1.84 g).
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2.4. Fractionation and Sugar Precipitation

A separatory funnel and ethyl acetate (1:1, v/v) were used to extract nonpolar components from
the reaction mixture. In the aqueous phase, sugars and glycosylated products were collected.
Residual sugars derived from lactose were precipitated using ethanol or acetonitrile (2:1 v/v). The
supernatant was concentrated using a rotary evaporator. This process was repeated until sugars
could no longer be detected by thin-layer chromatography (TLC).

2.5. Purification by Column Chromatography

The partially purified reaction mixture was subsequently separated using silica gel column
chromatography. Acetonitrile/water (97:3, v/v) was the eluent. TLC analysis of the resulting fractions
was used to identify the galactosylated products. TLC analyses and Rf values of the standard
compounds and synthesized galactoside are included in Figure 2.

2.6. Chromatographic Requirements for HPLC Analysis

High-performance liquid chromatography (HPLC) was performed to analyze PE 2, PE-gal 8,
CPN 3, CPN-gal 9, PhE 6, and PhE-gal 12. A C18 column (Phenomenex Gemini, 5 pum, 110 A, 150 x
4.6 mm) was used with a 43-min gradient program the injection volume was 100 uL. Solvent A was
distilled water, and solvent B was acetonitrile (ACN). The flow rate was kept at 1.0 mL/min. Detection
wavelengths were set at 280 nm for PE, PE-gal, PhE, and PhE-gal, and at 210 nm for CPN and CPN-
gal, as shown in Table 1.

All compounds were successfully detected using a photodiode-array (PDA) detector.

Table 1. HPLC method and condition.

Mobile Flow Wavelength Temp Method

1
Compound(s) Column Phase Rate (nm) C)
Phenomenex . ,:
2,8,6,12 Gemini 5 um C1g Distiled 1.0 280 30°C Gradient
110A 150%4.6 Water, mL/min
MM B ACN
A:
Phenomenex L
3,9 Gemini 5 um C18 D;i:tlé‘;d mlj/&in 210 30°C Gradient
110A 150x4.6 mm ’

B: ACN

2.7. Evaluation of Skin Permeation Using Franz Diffusion Cell Assay

The skin penetration variations in 2-phenoxyethanol (PE), 2-phenylethanol (PhE), chlorphenesin
(CPN), and their corresponding galactosylated derivatives (PE-gal 8, PhE-gal 12, and CPN-gal 9)
were evaluated using a Franz diffusion cell system. Strat-M™ synthetic membranes (25 mm diameter,
thickness 300 um; Millipore, USA) were used as the artificial skin model for the Franz diffusion cell
experiments. The effective diffusion area of the membrane was 0.64 cm?The receptor medium
consisted of ethanol: PBS (1:1, v/v, 75 mM) to ensure sufficient solubility. To prevent air entrapment,
the receptor chamber was filled with the receptor medium after the Strat-M™ membrane was
carefully positioned between the donor and receptor compartments.

Each donor chamber received 2 mL of the test solution (75 mM). Diffusion cells were maintained
at 32 °C to mimic the normal skin temperature. To maintain uniform concentration and encourage
consistent diffusion, the receptor phase was continually stirred using a magnetic stir bar. The start of
stirring was considered time zero. Aliquots (100 uL) were removed from the sampling port at 12, 24,
36, and 48 hours, and an equal volume of fresh receptor media was quickly reintroduced to maintain
the volume. The collected samples were stored at 4°C for 12 hours before being evaluated using high-
performance liquid chromatography (HPLC).

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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This experimental methodology allowed a direct and quantitative comparison of the skin
penetration effects of conventional preservatives and their corresponding galactosylated derivatives.
Calibration curves for PE/PE-gal, PhE/PhE-gal, and CPN/CPN-gal are included in the supplementary
Information Figure S1.

2.8. Calculation of Flux and Permeability Coefficient (Kp)

The permeability coefficient (Kp) was calculated by dividing the steady-state flux by the initial
concentration of the test compound. Flux values (pg-cm=2h') were obtained from the linear portion
of the cumulative permeation over time profile[25-27].

Parent compounds (PE, CPN, and PhE), clear steady-state regions were observed, allowing
reliable calculation of both flux and Kp values. In comparison, small chromatographic signals
corresponding to the galactosylated derivatives (PE-gal, CPN-gal, and PhE-gal) were detected in the
receptor phase, despite their concentrations remaining below zero (0). Therefore, reliable steady-state
flux and permeability coefficient (Kp) values could not be determined for these compounds under
the experimental conditions.

The calculated flux and Kp values for the parent compounds, along with limit of quantification
(LOQ) based reporting for the galactosylated derivatives, are presented in the Results section.

3. Cytotoxicity Assessment Using Brine Shrimp Lethality Assay

The Artemia salina are then used to calculate the toxicity LDso, a minimal amount of tested
substance, inexpensive, safe or does not require feeding during the experiment[28]. Various
hazardous materials, including metal complexes, bioactive compounds, natural extracts, and
pesticide nanoparticles, have been tested using Artemia salina species[29]. The nauplii stage is highly
sensitive to pollutants, making it an appropriate model for acute toxicity testing[30,31]. In this study,
lethality was found to be directly proportional to the concentration of the tested compounds[32].

The cysts of Artemia salina used in the toxicity assay were obtained from Ocean Nutrition,
Artificial seawater required for hatching was prepared using reef plus marine salt (Aqua Ocean).
Aeration of the culture system was provided by an Amazone power air pump (Az-Al, 2.5 W). A soft
light source, such as a 7W fluorescent lamp, was used to support optimal hatching conditions. The
incubation system was maintained at 28-30°C to ensure proper growth and survival of the brine
shrimp. Origin software (OriginLab, 2024) was used for data recording, graphical analysis, and
calculation of experimental results.

3.1. Hatching of Artemia salina

Artificial seawater was prepared by dissolving sea salt (35 g-L!) in 1000 mL of distilled water,
followed by the addition of Artemia salina cysts (2 g-L'). The mixture was aerated using an air pump
and maintained at room temperature under continuous illumination for 48 h. Within 2448 h, the
cysts hatched and nauplii developed from the eggshells. The hatched nauplii were collected from the
illuminated side of the beaker, as they naturally migrate toward light.

3.2. Toxicity Assay Procedure

LDs values of the test compounds were determined using 24-well plate. A concentration range
of 0.1-2 mg/mL or 0.1-3 mg/mL was prepared, with three replicates per concentration. Each well
contained a final volume of 1 mL consisting of the test solution and 12-15 nauplii. The plates were
incubated at 28-30°C for 24 h. After incubation, nauplii mortality was assessed under a stereoscope.
Larvae were considered alive if they displayed internal or external movement within a 10-sec
observation period.

The number of dead larvae was counted, and the percentage of mortality was calculated using
the formula:

Mortality = Number of dead nauplii / Total number of nauplii x 100%

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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This method allowed for a precise evaluation of the toxic effects of the tested compounds on
Artemia salina larvae.

4. Results and Discussion
4.1. Silica Gel Column Chromatography

TLC confirmed the synthesis of galactosylated compounds after 48 h. The purified mixture was
separated by silica gel column chromatography using acetonitrile and water (97:3, v/v) as the eluent.
A volume of 1.5 pL of each sample was loaded onto the TLC plate, and the plate was dried to visualize
the bands. The yield of the isolated product was 14.3%. TLC analysis further confirmed the formation
of the product. Analysis performed after 30-48 h indicated maximum product formation.

4.2. TLC Analysis of Reaction Products

Reaction products were analyzed using thin-layer chromatography (TLC). Samples were spotted
on silica gel plates (20 x 10 cm) and developed with acetonitrile and water (97:3, v/v). Visualization
was performed using KMnOj, staining solution containing KMnO, (1.5 g), KxCOs (10 g), and 10%
NaOH (1.25 mL) in 200 mL distilled water. The Rf values obtained were as follows:

CPN (0.815), CPN-gal (0.482), PhE (0.800), PhE-gal (0.662), PE (0.846), PE-gal (0.692), HD (0.783), HD-
gal (0.578), OD (0.771), OD-gal (0.602). These matched the band arrangement shown in Figure 2.

Solvent Front

CPN(3) CPN-gal(9) PhE(6) PhE-gal(12) PE(2) PE-gal(8) HD(4) HD-gal (10) OD I(5) on-gln(n)
Origin

Figure 2. TLC analysis of starting compounds and their corresponding galactosylated derivatives. Samples are

arranged based on increasing polarity from left to right.

4.3. Skin Permeation Analysis by Franz Diffusion Cell

a) PE and PE-gal

The skin permeability of non-galactosylated 2-phenoxyethanol (PE) and its galactosylated
derivative (PE-gal) was evaluated using Franz diffusion cells at 32°C with Strat-M™ synthetic
membranes.

The standard PE showed a retention time (RT) of approximately 12-13 min throughout the
analysis. In contrast, PE-gal eluted earlier at around 6—7 min under the applied gradient conditions,
reflecting its increased polarity due to galactosylation. The consistent retention times for both
compounds confirm their chemical stability during analysis.

The permeation profiles of PE (Al) and PE-gal (B1) further exhibited differences in membrane
transport behavior. PE (A1) showed a gradual increase in permeation across the Strat-M™ membrane
over time, indicating efficient diffusion. In contrast, PE-gal (B1) produced only weak
chromatographic signals in the receptor phase. Although these signals increased slightly over time,

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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the concentration remained below LOQ under the experimental conditions, preventing reliable
calculation of flux and permeability coefficient values as shown in Figure 3.
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Figure 3. HPLC chromatograms of PE (A) and PE-gal (B) and their time-dependent permeation profiles across

Strat-M™ membranes obtained using the Franz diffusion cell system (A1-B1).

b) CPN, CPN-gal

High-performance liquid chromatography (HPLC) was used to evaluate the stability and
retention times of CPN and its galactosylated derivative (CPN-gal). In addition, the skin permeation
behavior of the CPN (Al) and the CPN-gal (B1) at 32°C was examined using Franz diffusion cells
equipped with Strat-M™ membranes, and the collected receptor-phase aliquots were analyzed by
HPLC.

The chromatograms showed that the retention time (RT) of chlorphenesin (CPN) remained
stable at approximately 8-9 min throughout the experiment, confirming its chemical stability. In
contrast, CPN-gal eluted earlier at about 4-5 min due to its higher polarity.

CPN-gal exhibited constant retention time during the permeation experiment, while the peak
intensity gradually increased from 12 to 48 h. Throughout the experiment, there were few
chromatographic signals that matched CPN-gal, but the levels remained minimum. It was therefore
unable to calculate the values of the permeability coefficient and steady state flux as shown in Figure
4.
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Figure 4. HPLC chromatograms of CPN (A) and CPN-gal (B) and their time-dependent permeation profiles
across Strat-M™ membranes obtained using the Franz diffusion cell system (A1-B1).

c) PhE, PhE-gal

High-performance liquid chromatography (HPLC) analysis showed that PhE (A) exhibited a
consistent retention time (RT) of approximately 11 min throughout the experiment, confirming its
chemical stability. In contrast, PhE-gal (B) eluted earlier at around 5 min due to its higher polarity.
During the permeation study, the chromatograms of PhE-gal (B1) in the receptor phase displayed a
constant retention time, while the peak intensity gradually increased from 36 to 48 h, indicating a
time-dependent increase in concentration. No shift in retention time or additional peaks was
observed, suggesting the absence of chemical transformation. However, the concentration remained
below the limit under the experimental conditions, making it difficult to calculate precise flux and
permeability coefficient values as shown in Figure 5.
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Figure 5. HPLC chromatograms of PhE (A) and PhE-gal (B) and their time-dependent permeation profiles across

Strat-M™ membranes obtained using the Franz diffusion cell system (A1-B1).

The representative chromatograms were adjusted to start at 0 min as shown in Figures 3-5.
Minor peaks observed in the early region (0-5 min) correspond to the solvent front or void volume
signals. Since negligible permeation occurs in this region, slight adjustment of the time scale was
applied in some chromatograms to improve clarity of presentation.

4.3. Effect of Galactosylation on Transdermal Flux and Kp

In the Franz diffusion cell assay, galactosylation significantly reduced the transdermal
permeation of the compounds. The non-galactosylated compounds that shown observable steady-
state flux values over the Strat-M™ membrane were 2-phenoxyethanol, chlorphenesin, and 2-
phenylethanol. The initially linear portion of the permeation profile (0-8 h) reflects the steady-state
diffusion phase in the Franz diffusion cell system, from which flux (J) and permeability coefficients
(Kp) were calculated. Further samples collected at later time intervals (12—48 h) were used to evaluate
compound stability and long-term permeation behavior.

The parent compounds showed observable transmembrane diffusion with flux values ranging
from 3.82 to 7.34 pug-h™-cm2 and corresponding permeability coefficients (Kp) of 1.38 to 3.00 x 108
cm-h™ Table 2.

In contrast, the penetration of the galactosylated derivatives was significantly lower. Receptor
chamber samples showed weak chromatographic signals, but under the experimental conditions,
their concentrations remained below the measurable range, making it difficult to accurately measure
flux and Kp values.

It should be noted that possible compound retention inside the Strat-M™ membrane was not
assessed because the present study focused on compound penetration into the receptor phase. Future
studies involving membrane extraction and HPLC analysis would provide insight into potential
chemical retention in the artificial skin layer.

All things considered, these findings show that galactosylation significantly reduces
transdermal transport compared to the parent preservatives, showing a decreased risk of systemic
exposure as shown in Figure 6.
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Figure 6. Transdermal flux (A) and permeability coefficients (Kp) (B) of the parent compounds and their

galactosylated derivatives across Strat-M™ membranes at 32°C. Flux values were calculated from the initial

linear region of the permeation profile (0-8 h) obtained in Franz diffusion cell experiment.

Table 2. Steady-state flux and permeability coefficients (Kp) of non-galactosylated preservatives and

galactosylated derivatives across Strat-M™ membranes.

Compound Flux (ug h-! cm-?) Kp (cm-h! x10-3)
PE 3.82 1.38
CPN 5.97 1.47
PhE 7.34 3.00
PE-gal 0 0
CPN-gal 0 0
PhE-gal 0 0
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4.4. Cytotoxicity Assessment of Non-Galactosylated and Galactosylated Derivatives Using LDsy Values

The LDs, values showed a significant reduction in cytotoxicity upon galactosylation for all the
original compounds. Among them, 2-phenoxyethanol (Figure 7 E) showed the highest toxicity with
an LDs of 0.1 mg/mL, followed by 2-phenylethanol (Figure 7 D, 0.12 mg/mL), chlorphenesin (Figure
7 C, 0.13 mg/mL), 1,2-octanediol (Figure 7 B, 0.16 mg/mL), and 1,2-hexanediol (Figure 7 A, 0.79
mg/mL). After galactosylation, the LDsy values increased significantly: 2-phenoxyethanol-gal (2.1
mg/mL), 2-phenylethyl-gal (1.9 mg/mL), chlorphenesin-gal (1.6 mg/mL), 1,2-octanediol-gal (1.90
mg/mL), and 1,2-hexanediol-gal (1.77 mg/mL). This increase shows that galactosylation effectively
decreases the bioactivity of these cosmetic preservatives.

Galactosylated derivatives consistently show higher LDs, values compared to their
corresponding non galactosylated compounds, a meaningful reduction in cytotoxicity upon
galactosylation. The cytotoxicity of non galactosylated compounds (A-E) and their galactosylated
derivatives (A1-E1) was quantitatively evaluated to determine the protective effect of galactosylation

in Figure 7.
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Figure 7. Brine shrimp lethality assay showing cytotoxic effects of original and galactosylated compounds. LDso

values of the original compounds (A-E) and their galactosylated derivatives (A1-E1) after 24 hours of incubation

(three replicates per experiment). A: 1,2-hexanediol; Al: 1,2-hexanediol-gal; B: 1,2-octanediol; B1: 1,2-octanediol-

gal; C: chlorphenesin; C1: chlorphenesin-gal; D: 2-phenylethanol; D1: 2-phenylethanol-gal; E: 2-phenoxyethanol;

E1: 2-phenoxyethanol-gal.

Experimental variation supports the hypothesis that conjugation of the galactose moiety reduces

membrane permeability and bioavailability, thereby lowering the toxicologic risk related to dermal

contact. These results specify that galactosylated compounds play a fundamental role in reducing

toxicity, making them potentially safe for biological applications in the cosmetic industry.
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5. NMR Characterization of p-D-Galactopyranoside Derivatives

Samples were applied to a high-speed liquid chromatography-mass spectrometer (LCMS-IT-
TOF, Shimadzu Corp., Tokyo, Japan). 'H and *C-NMR were performed on a Bruker DRX400 NMR
spectrometer (400 MHz). The structures of the synthesized galactosylated derivatives were confirmed
by 'H and ¥C NMR spectroscopy. The 'H NMR spectrum of BnO-gal 7 displays multiple resonances
consistent with galactosylation of benzyl alcohol. Downfield signals at dr 7.43-7.24 ppm indicate the
presence of the aromatic ring of the benzyl moiety. The benzylic CHz appears as two distinct signals
at OH 4.93 and 4.67 ppm, which is attributed to diastereotopic splitting arising from interaction with
the bulky, substituted sugar, despite the CH: not being adjacent to a chiral center. Characteristic
carbohydrate resonances are observed at d0H 4.32, 3.84, and 3.82-3.46 ppm, corresponding to seven
protons, thereby supporting the attachment of a galactose unit to benzyl alcohol. The *C NMR
spectrum shows a total of eleven carbon signals derived from the BnO-gal structure, comprising four
aromatic carbons, one benzylic CHz carbon, and six carbohydrate carbons within 0C 76.9-62.7 ppm.
This data confirm that the compound is a benzyl glucoside bearing a single sugar substituent.
Compounds 8~12 likewise exhibit 'H NMR and *C NMR signals characteristic of galactosylation of
the parent alcohols, clearly demonstrating that the original preservatives have been conjugated with
a sugar moiety. The corresponding spectra of BnO-gal, CPN-gal, HDO-gal, OD-gal, and PhE-gal are
provided in supplementary Information (Figures S3-512).

5.1. Benzyl 3-D-Galactopyranoside (7)

[108.14 (BnOH) + 180.156 (galactose) - 18.015 (water) + 22.99 (Na*) = 293.271] [C13H1sNaOs]. 'H
NMR (400 MHz, CDsOD) 7.43~7.41 (d, 2H, ]=7.2 Hz), 7.34~7.30 (t, 2H, J=7.2 Hz), 7.28~7.24 (m, 1H),
4.93 (d, 1H, J=12.0 Hz), 4.67 (d, 1H, J=12.0 Hz), 4.32 (d, 1H, ]=7.6 Hz), 3.84 (d, 1H, , ]=3.2 Hz), 3.82~3.72
(m, 2H), 3.59 (t, 1H, J=9.2 Hz), 3.51 (t, 1H, J=6.0 Hz), 3.46 (dd, 1H, J=10.0 Hz, , J=3.6 Hz). 13C NMR (100
MHz, CDsOD) 139.3, 129.4, 129.3, 128.8, 104.0, 76.9, 75.1, 72.7, 71.8, 70.5, 62.7.

5.2. 2-Phenoxyethanol B-D-Galactopyranoside (8)

LC-MS (ESI): m/z CisH200y7, theoretical exact mass, 300.1; measured mass, 323.1 ([M+Na]*) and
299.1 ([M-HJ). tH NMR (400 MHz, D20) 6 7.34 (m, 2H), 7.01 (m, 3H), 4.42 (d, 1H, ] =8 Hz), 4.22 (t, 2H,
J=4Hz), 4.19 (m, 1H), 3.98 (m, 1H), 3.86 (d, 1H, ] =4 Hz), 3.69 (m, 2H), 3.64 (t, 1H, ] =4 Hz), 3.60 (dd,
1H, J=12 Hz, J =4 Hz), 3.50 (dd, 1H, J = 12 Hz, ] = 8 Hz). 3C NMR (100 MHz, D20) & 157.8, 129.9,
121.7,114.9,103.0, 75.1, 72.7, 70.8, 69.2, 68.2, 67.4, 60.

5.3. Chlorphenesin B-D-Galactopyranoside (9)

Mass (ESI): m/z CisH2a1ClOsCl (M+Cl); theoretical exact mass, 399.0619; measured mass,
399.0623. 'TH NMR (400 MHz, CDsOD) 7.24 (d, 2H, J=6.6 Hz), 6.94 (d, 2H, ]J=6.6 Hz), 4.26 (dd, 1H, J=5.7
Hz and 1.8 Hz), 4.12 (m, 1H), 4.08 (m, 1H), 4.03 (m, 1H), 3.99 (m, 1H), 3.83 (d, 1H, J=2.4 Hz), 3.78-3.70
(m, 3H), and 3.58-3.47 (m, 3H). 3C NMR (100 MHz, CDsOD) 157.3, 129.8, 126.1, 116.7, 103.6, 75.6,
73.1,71.3, 71.0, 69.6, 69.1, 69.0, and 61.4.

5.4. 1,2-Hexandiol B-D-Galactopyranoside (10)

[118.174 (1,2-hexanediol) + 180.156 (galactose) - 18.01528 (water) + 1.007276 (H+) = 281.3219762].
1H NMR (400MHz, D:0) 4.44 (d, 1H, J=7.7 Hz), 3.96 (d, 1H, J=3.0 Hz), 3.92~3.90 (m, 1H), 3.86~3.76 (m,
2H), 3.79 (d, 1H, J=4.4 Hz), 3.74~3.70 (m, 2H), 3.68 (d, 1H, J=2.9 Hz), 3.58 (t, 1H, ]=8.8 Hz), 1.60~1.45
(m, 2H), 1.40~1.35 (m, 4H), 0.92 (t, 3H, J=6.7 Hz). *C NMR (100 MHz, D:0) a-anomer; 103.4, 75.1, 74.2,
72.7,70.9, 70.5, 68.6, 60.9, 31.9, 26.9, 21.9, 13.2. B-anomer; 102.9, 75.1, 73.9, 72.6, 70.8, 70.2, 68.6, 60.9,
31.9,26.9,21.9, 13.2.
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5.5. 1,2-Octanediol p-D-Galactopyranoside (11)

Mass (ESI): m/z 281.1601 (m/z) theoretical exact mass [118.174 (1, 2-hexanediol) + 180.156
(galactose) - 18.01528 (water) + 1.007276 (H*) = 281.3219]. 'H NMR (400MHz, D20) 4.39 (d, 2H, J=7.6
Hz), 3.98~3.95 (m, 4H), 3.90~3.82 (m, 2H), 3.81~3.77 (m, 6H), 3.71~3.66 (m, 6H), 3.60~3.55 (m, 2H),
1.52~1.42 (m, 4H), 1.36~1.26 (m, 16H), 0.89 (t, 6H, J=6.0 Hz). 3C NMR (100 MHz, D20) 103.6, 103.0,
75.0,74.9,74.4,74.0,72.71, 72.66, 70.9, 70.8, 70.5, 70.1, 68.5, 68.4,60.8, 60.6, 32.64, 32.58, 31.4, 29.0, 25.1,
25.0,22.3, 13.6.

5.6. 2-Phenylethanol B-D-Galactopyranoside (12)

LC-MS (ESI): 307.118 m/z Ci1sH20NaOes*, theoretical exact mass [122.073 (2-phenylethanol) +
180.063 (galactose) — 18.01 (water) + 22.99 (Na*) = 307.115]. '"H NMR (400 MHz, D20) & 7.30~7.26 (m,
4H), 7.25~7.21 (m, 1H), 4.31 (d, 1H, ] =8.0 Hz), 4.07 (q, 1H, ] = 8.0 Hz), 3.86~3.81 (m, 2H), 3.71~3.62 (m,
2H), 3.58~3.51 (m, 2H), 3.38 (t, 1H, ] = 15.8 Hz), 2.88 (t, 2H, | = 7.0 Hz). *C NMR (100 MHz, D20) §
138.7.129.0, 128.6, 126.5, 102.7, 75.0, 72.7, 70.6, 68.6, 60.9, 35.2.

The present study shows that the biological and physical properties of widely used cosmetic
preservatives are considerably changed by enzymatic galactosylation. Specifically, compared to their
parent compounds, the conjugation of galactose to 2-phenoxyethanol, chlorphenesin, and 2-
phenylethanol led to a significant decrease in transdermal penetration across Strat-M™ membrane.
These results are consistent with previous studies showing that galactosylation can significantly
affect polarity, molecular size, and membrane permeability.

The ability of parent preservatives, such as phenoxyethanol, chlorphenesin, and phenylethanol,
to diffuse across the artificial skin membrane was shown in this research by measured flux values.
On the other hand, in receptor chamber samples, their galactosylated derivatives are shown below
the limit of quantification (LOQ). This indicates that skin penetration is effectively reduced by the
addition of the galactose moiety. The sugar group's steric and polarity effects, which likely restrict
diffusion through the membrane's lipid matrix, are responsible for the reduced penetration noticed
in this research.

Cytotoxicity and irritation during skin contact are important concerns for the safety of cosmetic
preservatives[33]. Reducing the transdermal penetration of preservatives is especially beneficial for
cosmetic applications from a formulation perspective. Instead of penetrating deeply into the skin,
preservatives are meant to shield the formulation from microbial contamination[34,35].

Galactosylation is a form of glycosylation that can influence molecular polarity, size, and
membrane permeability is a chemical change that shows promise for achieving this objective[36,37].
Additionally, previous studies indicate that the antibacterial activity of 2-phenoxyethanol against
common bacterial strains such Enterococcus faecalis, Pseudomonas aeruginosa, Escherichia coli, and
Staphylococcus aureus are not significantly affected by galactosylation[38]. Cytotoxicity experiments
using the HaCaT model, which showed that the galactosylated derivative of chlorphenesin exhibits
less toxicity than the parent molecule, provide more proof of the safety advantages of galactosylated
preservatives[39].

The overall findings show that enzymatic galactosylation offers a useful method for modifying
the physicochemical and biological characteristics of cosmetic preservatives. These results
demonstrate the possibility of using galactosylated derivatives in cosmetic formulations as safer
substitutes for conventional preservatives. To accurately evaluate these compounds' potential for use
in cosmetic and dermatological applications, future research must look for their antibacterial activity,
long-term stability, and possible membrane retention.

Considering the well-known broad antibacterial properties of the parent preservatives, the
antibacterial activity of the galactosylated derivatives was evaluated in our previous research.
Furthermore, using mammalian cell lines like HaCaT or 3T3 evaluation of cytotoxicity for more
evidence. The Franz diffusion experiment was not performed for BnOH, HD, and OD since they did
not yield consistent or quantifiable chromatographic responses under the current HPLC conditions,
making reliable permeation analysis unfeasible.
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6. Conclusions

The physicochemical and biological properties of 2-phenoxyethanol (PE), 2-phenylethanol
(PhE), and chlorphenesin (CPN) were successfully modified by galactosylation. The structures of the
synthesized galactosylated derivatives were confirmed using 'H and 3C NMR spectroscopy and
High-Performance Liquid Chromatography (HPLC). Furthermore, HPLC analysis showed that the
galactosylated derivatives remained chemically stable for 48 hours and exhibited earlier elution rates
than their parent compounds, indicating stronger polarity.

Franz Diffusion cell assay showed that galactosylation significantly reduced skin penetration as
compared to standard compounds. The non-galactosylated compounds showed quantifiable steady-
state flux values (3.82-7.34 pug-h'-cm™) and permeability coefficients (Kp= 1.38-3.00 x10% cm-h™?),
whereas the galactosylated derivatives showed unquantifiable permeation levels under the
experimental conditions.

Furthermore, in Artemia salina toxicity tests, the LDsy values of the galactosylated derivatives
were higher than those of the corresponding standard compounds, indicating a decrease in
cytotoxicity. All these results suggest that galactosylation can reduce transdermal penetration while
maintaining chemical stability, providing a workable method for the development of safer cosmetic
preservatives.

Supporting data: The following supporting information can be downloaded at the website of this paper posted
on Preprints.org. The supplementary Information files provide the datasets supporting the results presented in
this study Heading 1. These include calibration curves for PE and PE-gal, CPN and CPN-gal, and PhE and PhE-
gal, Figure S1. The cytotoxicity data of standard paraben showed in the supplemental data Heading 2 (Figure
52). The Heading 3 (a-e) (Figures S3-512) contains the 'H and 3C NMR spectra of the synthesized galactosylated
derivatives BnO-gal, CPN-gal, HD-gal, OD-gal, and PhE-gal.
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