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A B S T R A C T

Following recent successful results in the search for innovative semi-synthetic cosmeceutical Se-glycoconjugates, 
the work reported herein explores the development and evaluation of second-generation selenosugar-linked 
hydroxycinnamic acids as new potential cosmeceutical ingredients. Utilizing a Pummerer-like rearrangement for 
C1-acetylation, these novel compounds were synthesized and characterized using NMR spectroscopy and HRMS, 
confirming their structures and purity. The biological evaluation focused on their radical scavenging preliminary 
screening, and cytotoxic and antioxidant activities in human immortalized keratinocytes, revealing significant 
potential for use in skin care formulations aimed at counteracting oxidative stress and promoting skin health. 
Cellular uptake studies conducted on HaCaT keratinocytes using UHPLC-QqTOF-MS metabolomics demonstrated 
effective internalization of these compounds, which is crucial for their efficacy as topical agents. Furthermore, 
percutaneous absorption tests using the Franz diffusion cell method and subsequent HPLC-DAD analysis provided 
insights into the compound skin permeation capabilities, a critical factor for their practical application in 
cosmeceuticals.

1. Introduction

Cosmeceutical products have been formulated to counteract free 
radicals and their related skin harms achieving antioxidant, anti- 
inflammatory, anti-aging and photoprotective activity to provide phar-
macological advantages [1]. Historically, natural compounds from plant 
sources, particularly polyphenols, have been the mainstay of medicine 
[2]. Over the years, studies on natural products as innovative cosme-
ceuticals have gained increasing interest, primarily due to their versa-
tility and cost-effectiveness, which positively impact human skin health 
and disease [3]. Notably, advances in drug discovery have driven the 
cosmeceutical sector to a remarkable economic boom leading to a value 
of United States 68.67 billion dollars (USD) in 2024, with continued 
projected growth [4]. This unprecedented growth can be attributed to 
dermatological needs, mainly the high prevalence of skin disorders, the 

growing aging population, and increasing awareness about dermato-
logical solutions such as cleaning, soothing, self-tanning, anti-acne, 
emollient, and antioxidant agents [5]. Recently, people have dedicated 
more attention to self-care, premature aging, and beauty preservation. 
Indeed, this aging escape not only affects baby boomers (>57 years) and 
X generation (>41 years) but is even exacerbated in Millennials (>26 
years) and Z Generation (>16 years) [6]. This widespread interest in 
cosmeceuticals has motivated the search for new molecules to develop 
innovative and efficient products that satisfy the growing consumer 
demand for enhanced skin care solutions.

Despite the long-standing existence of the “cosmeceutical” concept, 
introduced more than 40 years ago, it is still not included in any of the 
guidelines published by the European Union (EU) and Food and Drug 
Administration (FDA) [7]. While pharmaceuticals must undergo 
rigorous testing for safety and efficacy, cosmeceuticals do not, which 
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makes the development of safe and effective products crucial [8]. Unlike 
drugs, cosmeceuticals have lower concentrations of active ingredients to 
provide cosmetic effects without requiring marketing authorization [9]. 
Therefore, the differentiation of cosmeceuticals from pharmaceuticals is 
crucial in modern dermatological practice. Pharmaceuticals are 
designed to alter or protect the skin from abnormal conditions, while 
cosmeceuticals enhance, improve, and nourish the health and beauty of 
the skin [10]. The use of bioactive natural products has enormously 
increased to address the growing market demands. Indeed, these prod-
ucts found large usage in protection against skin aging, environmental 
health-related risks, and infection. In this context, antioxidants are 
particularly utilized to counteract oxidative stress [11,12]. All these 
benefits are due to their regulatory effect on key physiological processes 
like metabolism, differentiation, growth, transcriptional and trans-
lational programs, as well as other life processes [13]. Despite the 
popularity of natural ingredients as safe products, they may hide un-
desirable effects such as irritant and allergic contact dermatitis, photo-
toxic dermatitis, and others [14]. Hence, more attention should be paid 
to the research and development of cosmeceuticals, proving their 
effectiveness, stability, and safety that require precise sources, struc-
tures, and mechanisms of skin interactions [15]. Concurrently, advances 
in pharmacology have identified several novel natural products, 
changing the therapeutic panorama, and emphasizing the importance of 
natural sources [16]. In fact, almost one-third of all new chemical en-
tities, approved by the FDA, were classified as natural products or de-
rivatives [17]. Synthetic cosmeceutical moieties can be created from 
scratch through chemical reactions or by chemical modification of 
existing natural molecules [18]. This nature-technology link offers an 
opportunity to develop novel active molecules in the cosmeceutical field 
of application.

Our research group has recently reported promising results har-
nessing selenosugar-linked p-coumaric, caffeic, and ferulic acid, espe-
cially in radical scavenging, wound healing properties, and cell uptake 
[19]. Following this path, the present work aims to go further into this 
investigation, focusing on a second generation (SG) of Se-sugars, ob-
tained through the Pummerer-like rearrangement leading to 
C1-acetylation, conjugated to the same hydroxycinnamic acids. The 
structure/activity correlation of these semi-synthetic compounds has 
been investigated by evaluating their radical scavenging, cytotoxic, and 
in cell antioxidant activity. Additionally, HaCaT keratinocyte cellular 
intake was estimated using UHPLC-qQTOF-MS metabolomic tools, 
whereas percutaneous absorption was evaluated by the Franz cell test, 
followed by HPLC-DAD-based quantitative analysis.

2. Results and discussion

The search for new active ingredients, starting from natural prod-
ucts, often involves structural modifications to enhance the observed 

activity. Following the encouraging data regarding hydroxycinnamoyl 
Se-glycoconjugates, recently investigated as innovative cosmeceutical 
ingredients exerting antioxidant and wound-healing capacity [19], a 
second generation of compounds has been evaluated. Thus, three novel 
molecules were synthesized. Their chemical structures are depicted in 
Fig. 1, together with the first-generation (FG) ones and the employed 
hydroxycinnamic acids.

In particular, the FG Se-sugars were structurally modified by 
Pummerer-like rearrangement introducing an acetyl group at the C-1 
position, aiming at enhancing the previously outlined biological prop-
erties and cellular uptake. Indeed, acetylation is closely related to the 
biological functionality of (poly)phenols by enhancing transport across 
cell monolayers and increasing some biological properties of the native 
molecules [20,21]. In this context, UHPLC-HRMS tools and HPLC-DAD 
were employed to evaluate their uptake in HaCaT human keratinocyte 
cell line and their porcine skin absorption profile, respectively.

2.1. Hydroxycinnamoyl SG Se-glycoconjugates: synthetic route and 
characterization

The synthesis of SG Se-glycoconjugates (SG-3b, SG-4b, and SG-5b), 
involved the conjugation via Mitsunobu reaction of HCAs (3, 4, and 5) 
with the seleno-sugar SG-2, bearing an acetyl group at the anomeric 
carbon atom. It was obtained from D-ribonolactone 1, firstly converting 
this latter to compound A following the procedure reported by Serpico 
et al. [22]. Then, as detailed in Scheme 1 (please, refer to paragraph 
4.1), the Pummerer-like rearrangement was employed to form an 
α-substituted selenide through the reaction of a selenoxide with acetic 
anhydride resulting in an acetylated α-carbon [23]. In this frame, 
m-chloroperbenzoic acid (m-CPBA) was used to oxidize the selenium 
atom of selenide A to afford the corresponding selenoxide B. The ob-
tained crude mixture, without any further workup or purification step, 
due to its unstable nature, underwent the Pummerer-like rearrangement 
with acetic anhydride at 100 ◦C, yielding the acetylated product C (66 % 
overall yield). The t-butyldiphenylsilyl (TBDPS), which had been chosen 
as a selective protecting group at the C-5 position, was finally removed 
using tetrabutylammonium fluoride (TBAF) in anhydrous tetrahydro-
furan (THF). Thus, SG-2 was obtained (85 % yield). This latter consti-
tuted the second-generation donor to obtain new hydroxycinnamoyl 
Se-glycoconjugates via the Mitsunobu reaction, in which HCAs (3, 4, 
and 5) proved to be excellent substrates, giving SG-3a, SG-4a, and 
SG-5a (82–85 % yield). The isopropylidene group at C-2 and C-3 posi-
tions was finally removed under acid conditions to obtain the com-
pounds of interest SG-3b, SG-4b, and SG-5b (69–80 % yield). Their 
structural characterization was performed by 1D and 2D-NMR (1H and 
13C) with the complete assignment by COSY, HMBC, and HSQC NMR 
experiments. Indeed, the HMBC spectrum of the precursor SG-2 evi-
denced the correlation of the proton at δH 2.10 (CH3-CO) to the carbon at 

Fig. 1. Chemical structures of the first (FG) and second (SG) generation Se-glycoconjugates. The structures of hydroxycinnamic acids are also reported.
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δC 169.3 (C-1). HSQC data supported this assignment by showing a 
direct correlation between the proton at δH 2.10 and the carbon at δC 
21.2, due to the acetyl moiety methyl group. Instead, the COSY spectrum 
showed no cross-peaks for the CH3-CO protons, confirming that they are 
isolated from other proton couplings. The SG Se-glycoconjugates also 
exhibited similar correlations, proving acetylation.

NMR findings for these latter were supported by HRMS data, which 
efficiently, straightforwardly, and unambiguously revealed the com-
pound identity based on their fragmentation patterns, crucial for the 
metabolomic approach. TOF-MS/MS spectra of SG-3b, SG-4b, and SG- 
5b were acquired in negative ion mode and depicted in Fig. 2. They 
showed similar fragmentation pathways, which involved in all the cases 
the first neutral loss of 60.02 Da (acetic acid), attributable to the pres-
ence of the acetyl group of the Se-sugar. Thus, the fragment ions at m/z 
340.9934, m/z 356.9883, and m/z 371.0039 were formed from depro-
tonated compounds SG-3b, SG-4b, and SG-5b, respectively. Then, the 
release of the sugar moiety through a charge retention fragmentation 
pathway [24] gave rise to the bare HCAs at m/z 163.0401, 179.0348, 
and 193.0506, which in turn fragmented as previously described [19]. 
Moreover, if charge migration fragmentation [24] from the HCA 
occurred, the fragment ions at m/z 212.9696 and 194.9563 were 
formed, attributed to the deacetylated Se-sugar and its dehydrated form.

2.2. Antiradical efficacy based on DPPH and ABTS tests

The structural features, specifically involving electron delocalization 
in aromatic molecules, are well known to have a strong correlation with 
the antiradical capacity of natural non-enzymatic antioxidants, among 
which phenolic compounds and their derivatives, including hydrox-
ycinnamic ones [25]. In particular, the number, position, and type of 
substituents (e.g., hydroxy, methoxy, and acetyl groups) can alter the 
charge distribution, polarity, lipophilicity, and hydrogen bonding ca-
pacity, with direct influence on the antioxidant activity [26].

Herein, DPPH and ABTS tests were carried out to have a rapid 
comparison among SG Se-glycoconjugates as regards the single electron 

and/or hydrogen atom transfer, on which the antiradical assessment is 
based, and also to compare the results with those previously acquired for 
FG compounds [19]. As depicted in Fig. 3(a), SG-4b showed a 
dose-dependent linear response in scavenging both the radical probes, 
reaching 83 and 86 % capacity at 50 μM tested dose. This finding is in 
line with the observation made for FG compounds, regardless of the 
difference in the esterified sugar moiety. Indeed, it has been demon-
strated that also bare ferulic acid is less active than caffeic acid, whereas 
the esterification at the -COOH group usually does not substantially 
affect the activity. Instead, it is more influenced by the electron density 
over the aromatic ring, due to the presence of electron-donating or 
electron-withdrawing substituents, able to increase/decrease the bond 
dissociation energy involved in the antioxidant function [27].

In this case, the DPPH RSC (%) observed for SG-4b was slightly 
higher than that reported for FG Se-compounds [19], as shown by 
calculated IC50 values (Fig. 3(b)), whereas in the ABTS test the trend was 
the opposite. This could also be due to the two different reaction envi-
ronments. Thus, it has been recommended to employ both methods, 
whenever feasible, to assess the antiradical capacity of the tested sam-
ples [28]. It is reasonable to assume that the chemical modification from 
FG to SG series compounds, i.e. the insertion of the acetyl group, may 
have been responsible for two kinds of effects. On the one hand, polarity 
or compound density changes could have occurred, leading to a slight 
improvement [29]. On the other hand, the likely enhanced steric hin-
drance could have reduced the accessibility of the functional groups, 
and, consequently, the antiradical activity towards the ABTS•+ probe 
[30].

2.3. Cytotoxic effects and in-cell antioxidant activity of SG Se- 
glycoconjugates

Cell cytotoxicity evaluation is always a mandatory step to evaluate 
the safety of novel molecules whatever the final application. Human 
immortalized keratinocytes (HaCaT) have been employed in derma-
tology and cosmetic research as a representative model of the epidermis 

Scheme 1. Synthesis of the building block SG-2 and SG hydroxycinnamoyl Se-glycoconjugates.
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to study inflammatory and repair response, epidermal homeostasis, and 
the pathophysiology of skin [31]. Indeed, HaCaT cells are sensitive to 
oxidative insults, such as exposure to hydrogen peroxide, a known 
modulator of skin aging in vivo making them a reliable in vitro model 

[32]. Moreover, in line with our first experimental set on FG compounds 
[19], cytotoxicity was also assessed in SH-SY5Y S-type cells, to define 
the effect of the Se-sugar acetyl group on cell viability. These latter, 
showing an epithelial-like phenotype in their undifferentiated form, are 

Fig. 2. TOF-MS/MS spectra for compound SG-3b (m/z 401.0150), SG-4b (m/z 417.0105) and SG-5b (m/z 431.0261). The isotopic pattern of precursor ions from 
TOF/MS spectra is reported in the grey boxes.

Fig. 3. (a) Radical scavenging capacity (RSC, %) of SG Se-glycoconjugates towards DPPH and ABTS+ radical probes, and (b) calculated IC50 values (μM) compared to 
the corresponding FG compounds. Data for these latter were from Ref. [19].
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known to be very sensitive to oxidative stress and frequently used to 
evaluate the instability of the redox steady-state due to the treatment 
with potentially harmful agents [33].

To this purpose, both HaCaT and SH-SY5Y cell lines were treated 
with increasing doses (1–250 μM) of synthesized hydroxycinnamoyl 

derivatives SG-3b, SG-4b, and SG-5b. After 24h of exposure, all com-
pounds induced a dose-dependent decrease in mitochondrial dehydro-
genase activity (Fig. 4, panel a). In particular, they showed a similar 
trend up to 50 μM treatment dose of both cell lines, then differing in the 
cytotoxic effect. IC50 values calculated for SG-4b were about 2-fold 

Fig. 4. (a) Redox activity (RA, %) of SG Se-glycoconjugates towards SH-SY5Y and HaCaT cell lines evaluated 24 h after treatment; (b) Redox activity inhibition (RAI, 
%) in HaCaT cell line vs. hydrogen peroxide insult evaluated in co-treatment, pre-treatment, and post-treatment with SG compounds. Red lines highlight the de-
viation from RAI % values ascribed to only H2O2-treated cells at each tested dose. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.)
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higher than those of SG-5b in both cell models, ranging from 53 to 61 
μM, and from 106 to 111 μM, in HaCaT and SH-SY5Y cells, respectively. 
Instead, the p-coumaroyl derivative (SG-3b) induced a different 
response in the redox activity, being SH-SY5Y more sensitive, as sug-
gested by the IC50 equal to 46 μM, 2.6-fold lower than the value calcu-
lated for keratinocytes. These findings highlighted that the acetylated 
compounds showed significantly stronger inhibition of cell proliferation 
compared to their FG analogues, which induced only a mild influence on 
the redox status, even tested at the highest dose level [19]. It is 
reasonable to hypothesize that the increased lipophilicity due to the 
chemical modification can modulate the uptake and bioavailability, as 
well as other biological properties, facilitating the molecule cell mem-
brane crossing and making compounds more cytotoxic [34].

Considering the exerted cytotoxicity trend, only the lower doses that 
did not compromise the cell redox status above 30 % (1–25 μM) were 
further engaged to evaluate the ability to prevent/counteract the HaCaT 
cell damage due to oxidative insult by hydrogen peroxide. Within this 
framework, in the absence of Se-glycoconjugates H2O2 (1 mM) was able 
to imbalance the mitochondrial dehydrogenase activity by 35 %, 
compared with untreated control cells. The experimental scheme 
involved three pathways: 1) a 24 h pre-treatment with SG compounds, 
followed by the exposure to oxidative insult with H2O2 (1 mM) for 1 h; 
2) a post-treatment, using H2O2 for 1 h and then exposing the cells to SG 
Se-glycoconjugates for 24 h; 3) a co-treatment with simultaneous 
exposure of H2O2 and SG compounds for 1 h. As shown in Fig. 4 (panel 
b), the co-treatment showed a strong relevance to counteract the dam-
age of reactive oxygen species (ROS) injuries, highlighting the ability of 
SG Se-glycoconjugates to effectively mitigate ROS-induced damage at all 
concentrations tested (1–25 μM). When the cells were pre-treated with 
the investigated compounds, the highest protective effect against 
oxidative insult was exerted by SG-4b, whereas p-coumaroyl and fer-
uloyl derivatives at 10 and 25 μM seemed to induce an additive negative 
effect on redox balance. The cells appeared sensitive to SG-3b and SG-5b 
at the highest concentrations tested, even more in the post-treatment, 
suggesting a strong pro-oxidant activity that gave rise to a Redox Ac-
tivity Inhibition (RAI) increase of up to 84 %.

According to the literature, HCAs are essential in preventing UV- 
induced skin damage, DNA oxidative stress, inflammation, and carci-
nogenesis on the skin [35]. These features imply their effectiveness in 
normal conditions, and also in skin thickness, dryness, and degradation 
of elastic fibres. It has been previously suggested that they can protect 
HaCaT cells exposed to H2O2, by neutralizing ROS, regenerating the 
antioxidant system, inhibiting the production of inflammatory cyto-
kines, and decreasing autophagy [36]. Furthermore, HCA ability to 
up-regulate glutathione (GSH) content, γ-glutamate cysteine ligase 
(γ-GCL) mRNA, as well as catalase and glutathione peroxidase (GPx) 
mRNA activities and expression in irradiated HaCaT cells, has been 
demonstrated [37]. However, the antioxidant/pro-oxidant features in in 
vitro and in vivo systems may depend on several factors (e.g., concen-
tration, structure, model used, and substrate to be protected). Indeed, 
these compounds were reported to exert also prooxidant effects in vitro 
[38]. Among HCA derivatives, HCA amides of serotonin have been 
shown to protect HepG2 and HaCaT cells against oxidative stress at 
concentrations below 10 μM, but at higher doses, they act as 
pro-oxidants [39]. On the other hand, research by Zhou & Weng [40] 
demonstrated that butylated caffeic acid derivatives were antioxidant 
agents against squalene peroxidation under direct UVA exposure. The 
hypothesized mode of action in keratinocytes involved a decrease of 
peroxidized squalene-induced IL-1β secretion, a reduction of ROS gen-
eration, and a lowering of the expression of inflammatory cytokines (e. 
g., IL-1). Additionally, Garrido et al. [41] highlighted that caffeic acid 
esters protect PC12 cells against hydrogen peroxide-induced oxidative 
damage in a dose-dependent manner. Conversely, ferulic acid esters 
were described as weaker antioxidants with poor protective effects. As 
regards the Se-sugar moiety, it has been observed that 1,4-anhy-
dro-4-seleno-D-tallitol (SeTal) served as an antioxidant and skin tissue 

repairer [42], with absent clastogenic or aneugenic activity towards 
HepG2 or HepaRG cells [43]. Furthermore, SeTal proved to prevent 
endothelial dysfunction by counteracting reactive oxidants in isolated 
mouse aortas under acute high glucose-induced oxidative stress [44], to 
protect against hydrogen peroxide or hypochlorous acid-mediated 
oxidative damage regardless of the concentration or activities of the 
selenium-dependent protective enzymes TrxR and GPx [45]. Moreover, 
prevents the formation of 3-chlorotirosine, a typical oxidative damage 
biomarker, in hypochlorous acid-treated human plasma [46].

2.4. UHPLC-HRMS based metabolomics: SG compound uptake in HaCaT 
cells

The capability of SG compounds to cross the cell membrane for 
proper internalization in HaCaT cells was evaluated by UHPLC-HRMS 
target analysis following the same metabolomic approach previously 
developed [19]. The comparison of results with those acquired for FG 
analogues allowed us to get valuable insights into how acetylation af-
fects compound uptake. For this purpose, the keratinocytes were treated 
with the 25 μM dose that ensured a minimal cytotoxic impact main-
taining cellular integrity. Indeed, according to ISO 10993-5 (Biological 
Evaluation of Medical Devices. Part 5: Tests for in Vitro Cytotoxicity), 
cell viability percentages above 80 % are considered non-cytotoxic, 
those between 80 % and 60 % are deemed weakly cytotoxic, between 
60 % and 40 % moderately cytotoxic, and below 40 % highly cytotoxic 
[47]. Thus, after 24 h treatment, in a preliminary cell metabolomics 
scenario, the extraction of the cell pellet after culture medium removal, 
appropriate quenching, and scraping, UHPLC-HRMS analysis was car-
ried out. The Total Ion Current chromatograms and related TOF-MS2 

spectra confirmed that the compounds of interest were detected in the 
extracts from cell pellets and that structural modifications did not occur. 
Then, the areas under peaks from extracted ion chromatograms (XICs; 
Fig. 5(a)) were used for quantitation purposes, taking into account 
calibration curves (Fig. 5(b)) built up to this aim. The amount calculated 
by interpolation is reported in Fig. 5(c) as % of cell internalization, 
compared to FG Se-glycoconjugates.

The results underlined that acetylation significantly increased the 
cell membrane permeability of SG compounds, with cellular uptake 
exceeding 90 % for all molecules. As a result of the enhanced lip-
ophilicity, the internalization was particularly remarkable for the ferulic 
acid derivative (SG-5b), which showed a 7.5-fold improvement, 
compared to its FG analogue (98 % vs. 13 %), followed by the p-cou-
maroyl and caffeoyl ones with a 4.4- and 3.9-fold increase, respectively. 
Our previous investigation on FG Se-glycoconjugates highlighted clear 
differences in this framework, as the compounds bearing the Se-sugars 
protected with the iso-propylidene group were able to cross the cell 
membrane more easily than those having the free Se-sugar moiety, 
regardless of the involved HCA [19]. Literature findings corroborate our 
results regarding. In fact, the effect of acetylation on bioavailability, 
deriving above all from a more pronounced lipophilicity, has been also 
demonstrated by other authors, although the compounds of interest 
were different from those investigated herein. In particular, Lo et al. 
[48] synthesized ten acyl-derivatives of the flavone luteolin, among 
which the 5-O-acetyl, proving that raising the lipophilicity induced a 
change in the compound bioavailability features. Specifically, Sakao 
et al. [21] reported that quercetin acetylation was responsible for better 
absorption and metabolic stability, thus ensuring boosted cancer sup-
pression. The bioactivity and bioavailability resulted significantly 
improved following acetylation also for (− )-epi-
gallocatechin-3-O-gallate [49]. Similarly, tangeretin chemical modifi-
cation (i.e., acetyl instead of methoxy group) prolonged its half-life in 
murine plasma and increased cellular uptake, improving cytotoxicity 
towards human prostate cancer cells [20].
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2.5. In vitro percutaneous absorption in HaCaT cells

The potential of Se-glycoconjugates in percutaneous absorption 
within the cosmeceutical field has never been previously evaluated. The 
stratum corneum efforts as the primary mechanical barrier of the skin 
constrains bioactive compound penetration modulating their local or 
systemic effects [50]. In this pursuit, a permeation technique provides a 
useful strategy to assess the skin penetration profile of the compounds 
under study. In this framework, porcine skin has been used as a reliable 
model for percutaneous absorption, considering its histological and 
biochemical characteristics similar to human skin [51]. Hence, taking 
into account that the physicochemical properties of a molecule can in-
fluence the absorption, FG, SG Se-glycoconjugates, and the corre-
sponding bare HCAs were compared after 24 h treatment to better 
clarify the structure-activity correlation. The obtained overall recovery 
(mass balance) results were acceptable (85–91 %) and the estimated Log 
P ranged from 0.76 to 1.43. The Se-glycoconjugates have more hydroxyl 
groups in the selenosugar moiety than bare HCAs, resulting in higher 
hydrophilicity corroborated by a slightly lower Log P value. Among 
tested compounds, higher concentrations of Se-glycoconjugates were 
detected on the skin surface (W) in comparison to bare HCAs. Fig. 6(a) 
depicts the distribution of the compounds under investigation, indicated 
as μg/cm2, in the stratum corneum (SC), viable epidermis (E), dermis (D), 
and receptor fluid (RF) layers of the skin.

All skin compartments, except for SG-5b and SG-3b, contained the 
compounds when applied topically (Fig. 6(b)). HCAs showed the highest 

percentages of penetration (>15 %) corroborated by their highest Log P 
values. Conversely, smaller concentrations of FG Se-glycoconjugates 
were found in SC, E, D, and FR. A similar trend was observed in the 
percutaneous absorption values (3.38–5.64 %) for SG. The quantity of 
FG-5b in the inner skin layer revealed a greater penetration rate than 
other FG Se-derivatives. However, SG-4b was the only SG derivative 
detected in the RF compartment. Among Se-glycoconjugates, greater 
overall skin penetration was expected for smaller compounds, such as 
deacetylated derivatives (FG). Indeed, FG displayed a greater skin ab-
sorption capacity than SG in terms of global percutaneous absorption 
(Fig. 6(b)). Unexpectedly, the detected percutaneous absorption profile 
of 3b derivative was similar for FG and SG.

Molecular weight (MW), lipophilicity, hydrogen bonding, and solu-
bility of the molecules assume a crucial function in percutaneous ab-
sorption into the skin layer [52]. The Se-glycoconjugates had a lower 
lipophilicity and consequently less permeation due to sugar presence. 
This latter significantly affected the skin permeation behaviour, as 
previously reported [53]. However percutaneous absorption cannot be 
solely ascribed to it. Also, a higher MW than their bare HCAs affect their 
permeability. Indeed, in our findings, the skin penetration of SG 
Se-glycoconjugates was typically lower than FG. Chemical structure 
modification can affect the molecule hydrophobic interactions with re-
ceptors, metabolism, toxicity in biological systems, and absorption [54]. 
In line with this hypothesis, Chuang et al. [55] demonstrated how the 
flavonoid glycosides exerted a lower absorption than aglycones. Herein, 
acetylation was able to further decrease skin penetration [56].

Fig. 5. (a) Extracted ion chromatograms of SG Se-glycoconjugates, and (b) their calibration curves. (c) Results from uptake evaluation in HaCaT cell pellets. Data for 
FG Se-glycoconjugates were reprocessed from Ref. [19].
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This approach might be used to modulate compound permeability 
and their putative function as antioxidants in lipid stratum corneum to 
inhibit the induction of peroxidation. In this context, the percutaneous 
absorption, transdermal delivery efficiency, and functional efficacy of 
HCAs in protecting against atmospheric pollutants and reducing the 
development of erythema and skin pigmentation due to UV radiation 
exposure have all been studied over the years [51]. The stratum corneum 
also acts as a reservoir allowing the delayed diffusion of antioxidants to 
the innermost layers of the skin. According to the skin healing and 
antioxidant properties of Se-sugars [42], Se-glycoconjugates appear to 
be a promising class of selenium-containing compounds poised to bring 
significant breakthroughs in cosmeceuticals. Indeed, SeTal enhanced 
skin tissue healing with topical application in a murine model [57]. This 
finding was further corroborated using gelatine and alginate polymeric 
films enriched with SeTal [58].

3. Conclusion

A new route for synthesizing seleno-glyconjugates has been devel-
oped, exploiting a Pummerer-like rearrangement and Mitsunobu reac-
tion. The chemical structures were confirmed by NMR and UHPLC/ 
HRMS techniques. A first evaluation of cell viability towards HaCaT and 
SH-SY5Y showed a dose-dependent cytotoxicity suggesting that the 
insertion of the acetyl group on Se-glycoconjugates could affect mito-
chondrial redox activity above 25 μM treatment dose. When the cells 
were pre-treated with low doses, the highest protective effect against 
oxidative insult induced by H2O2 was exerted by the caffeoyl derivative, 
whereas p-coumaroyl and feruloyl derivatives at 10 and 25 μM seemed 
to induce an additive imbalance on the redox status. Furthermore, 
cellular uptake of acetylated Se-glycoconjugates increased massively if 
compared to FG molecules, suggesting that acetylation may be used as 
an effective strategy to modulate their effectiveness. Additionally, the 
evaluation of percutaneous absorption using the Cell Franz highlighted 
various permeation profiles depending on different Se- 
glycoconjugation. This work contributes to opening new avenues for 

the development of Se-glycoconjugates as potential cosmeceutical 
agents, particularly in the field of antioxidant activity. Future research 
will focus on optimizing their practical application in skincare products.

4. Experimental section

4.1. Synthesis of second generation (SG) Se-glycoconjugates and structure 
elucidation

A new acetylated selenosugar (SG-2) was synthesized by the 
Pummerer-like rearrangement (Scheme 1). Additionally, it was 
employed in the Mitsunobu reaction with hydroxycinnamic acids (p- 
coumaric 3, caffeic 4, and ferulic acid 5), following a defined strategy 
outlined by Serpico et al. [22]. Details regarding each synthetic step are 
provided below. The structures of the synthesized compounds were 
defined by NMR spectroscopy and High-Resolution Mass Spectrometry 
(HRMS). The 1H and 13C NMR spectra were recorded at 500 and 125 
MHz, respectively, when a Varian Inova 500 MHz spectrometer (Varian, 
Palo Alto, USA) or 400 and 100 MHz, respectively, when a Bruker DRX 
400 MHz spectrometer (Bruker, Milan, Italy) was utilized. CDCl3 was the 
solvent unless differently specified. 1H–1H COSY experiments confirmed 
the proton couplings. The heteronuclear chemical shift correlations 
were found using Heteronuclear Multiple Quantum Coherence (HMQC) 
and Heteronuclear Multiple Bond Correlation (HMBC) pulse sequences. 
The AB SCIEX Triple TOF® 4600 mass spectrometer (AB Sciex, Concord, 
ON, Canada) equipped with a DuoSpray™ (ESI and APCI) ion source and 
a hybrid QqTOF analyzer was used for HRMS and MS/MS investigations 
of SG-3b, SG-4b, and SG-5b in negative ionization mode. The APCI 
probe was used for the fully automatic mass calibration by the Calibrant 
Delivery System (CDS) before MS and MS/MS experiments. The source 
parameters were curtain gas 35 psi, nebulizer and heated gases 60 psi, 
ion spray voltage − 4.5 kV, interface heater temperature 600 ◦C, 
declustering potential (DP) − 70 V and collision energy (CE) − 35 ± 15 V. 
Analyst® TF 1.7 software (AB Sciex, Concord, ON, Canada) was used to 
control the instrument, whereas MS data were processed using 

Fig. 6. (a) Distribution of compounds in pig skin expressed as μg/cm2 per surface of the skin layers. (b) Normalized amounts of tested compounds, expressed as % in 
the viable epidermis (E), dermis (D), and receptor fluid (RF) (percutaneous absorption), and skin surface (W), stratum corneum (SC), and rest of skin (R). B.L.D = Below 
Limit of Detection.
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PeakView® 2.2 software (AB Sciex, Concord, ON, Canada).

4.2. Synthesis of O-acetyl-5-O-t-butyldiphenylsilyl-4-deoxy-2,3-O- 
isopropylidene-4-seleno-β-D-ribofuranoside (C)

In a 50 mL flask, m-chloroperbenzoic acid (m-CPBA; 70 %) (1.03 g, 
4.20 mmol) and selenosugar A (1.81 g, 3.81 mmol) were dissolved in 15 
mL of dry dichloromethane under argon flow at − 78 ◦C and stirred for 
45 min. The reaction mixture was washed with saturated NaHCO3 so-
lution (2 × 20 mL) and brine (20 mL). The organic phase was dried over 
anhydrous Na2SO4 and the solvent was removed under reduced pres-
sure. The crude residue (B) was dissolved in acetic anhydride (16 mL, 
3.82 mmol) in a flask equipped with a reflux condenser and heated at 
100 ◦C for 1 h. The solvent was removed under reduced pressure and the 
obtained residue was dissolved in 15 mL of ethyl acetate. The solution 
was washed with water (20 mL), saturated NaHCO3 solution (2 × 20 
mL), and brine (20 mL). The organic phase was dried over anhydrous 
Na2SO4 and evaporated to dryness under reduced pressure. The ob-
tained crude oil was purified by silica gel column chromatography, 
using petroleum ether:ethyl acetate (in increasing polarity gradient from 
100:0 to 95:5) as the mobile phase to give the pure product C as a pale 
yellow-syrup (1.34 g, 2.51 mmol, 66 %). 1H NMR (500 MHz, CDCl3, 
Fig. S1): δ 7.70–7.66 (m, 4H, HAr), 7.45–7.38 (m, 6H, HAr), 6.17 (dt, JH, 

Se = 16.1 Hz, J = 0.7 Hz, 1H, H1), 5.09 (dd, J = 5.4, 0.8 Hz, 1H, H3), 
4.72 (dd, J = 5.4, 0.7 Hz, 1H, H2), 3.87 (dd, J = 9.9, 5.3 Hz, 1H, H5a), 
3.82 (m, 1H, H4), 3.76 (dd, J = 5.4, 0.8 Hz, 1H, H5b), 1.89 (s, 3H, CH3- 
CO), 1.33 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.10 (s, 9H, SiC(CH3)3). 13C 
NMR (125 MHz, CDCl3, Fig. S1): δ 169.2, 135.6, 134.8, 129.9, 127.7, 
110.4, 89.9, 86.2, 82.4, 66.6, 51.7, 26.9, 26.7, 24.6, 21.1, 19.3. Anal. 
Calcd for C26H34O5SeSi: C, 58.52; H, 6.42. Found: C, 58.48; H, 6.44.

4.3. Synthesis of O-acetyl-2,3-O-isopropylidene-4-deoxy-4-seleno-β-D- 
ribofuranoside (SG-2)

A solution of TBAF (7.5 mL, 1 M in THF, 7,5 mmol) was added to the 
magnetically stirred solution of C (1.10 g, 3.74 mmol) in anhydrous THF 
(60 mL) at 0 ◦C under a nitrogen atmosphere, and the mixture was 
stirred at room temperature for 3h. The evaporation of the solvent under 
reduced pressure gave a crude residue that was purified by silica gel 
column chromatography using n-hexane:ethyl acetate (6:4) as the mo-
bile phase to give the pure product SG-2 as a pale yellow-syrup (0.668 g, 
2.62 mmol, 85 %). 1H NMR (500 MHz, CDCl3, Fig. S2): δ 6.28 (bt, JH,Se 
= 16.1 Hz, 1H, H1), 4.99 (d, J = 5.4 Hz, 1H, H3), 4.95 (d, J = 5.4 Hz, 1H, 
H2), 3.88 (m, 1H, H4), 3.82 (dd, J = 11.6, 5.6 Hz, 1H, H5a), 3.77 (dd, J 
= 11.6, 6.6 Hz, 1H, H5b), 2.10 (s, 3H, CH3-CO), 1.53 (s, 3H, CH3), 1.33 
(s, 3H, CH3).13C NMR (125 MHz, CDCl3, Fig. S2): δ 169.3, 110.6, 90.6, 
87.3, 82.8, 65.2, 53.6, 26.8, 24.6, 21.2. Anal. Calcd for C10H16O5Se: C, 
40.69; H, 5.46. Found: C, 40.67; H, 5.44.

4.4. Mitsunobu reaction: preparation of glycoconjugates SG-3a, SG-4a, 
and SG-5a

Diisopropyl azodicarboxylate (DIAD) (0.303 mL, 1.5 mmol) was 
added to a triphenylphosphine (TPP) (0.393 g, 1.5 mmol) solution in 
anhydrous THF (2.3 mL) under magnetic stirring at 0 ◦C under N2. After 
15 min, a solution containing SG-2 (0.200 g, 1.0 mmol) and each 
hydroxycinnamic acid (1.5 mmol) in anhydrous THF (3.0 mL) was 
added dropwise. The reaction mixture was stirred at room temperature 
for three days. The solvent was evaporated under reduced pressure and 
replaced with EtOAc. The organic layer was washed with brine and dried 
(Na2SO4). The evaporation of the solvent under reduced pressure gave a 
crude residue that was purified by silica gel column chromatography (n- 
hexane:diethyl ether 7:3 (v/v)) to give the pure products SG-3a, SG-4a, 
and SG-5a.

(E)-O-acetyl-5-((3-(4-hydroxyphenyl)acryloyl)oxy)-4-deoxy- 
2,3-O-isopropylidene-4-seleno-D-ribofuranoside (SG-3a) was 

obtained as oil (82 %). 1H NMR (500 MHz, CDCl3, Fig. S3): δ 7.67 (d, J =
15.9 Hz, 1H, H8), 7.43 (d, J = 8.0 Hz, 2H, H10), 6.87 (d, J = 8.0 Hz, 2H, 
H11), 6.34–6.25 (m, 2H, H7, H1), 5.05 (bd, J = 5.0 Hz, 1H, H3), 5.02 
(bd, J = 5.3 Hz, 1H, H2), 4.43 (dd, J = 11.6, 5.6 Hz, H5b), 4.33 (m, 1H, 
H5a), 3.92 (dd, J = 10.2, 5.5 Hz, 1H, H4), 2.09 (s, 3H, CH3), 1.53 (s, 3H, 
CH3), 1.34 (s, 3H, CH3). 13C NMR (125 MHz, CDCl3, Fig. S3): δ 169.5, 
167.1, 158.8, 145.6, 130.1, 126.5, 116.0, 114.3, 110.8, 90.2, 86.7, 82.7, 
66.2, 48.4, 26.6, 24.7, 21.3. Anal. Calcd for C19H22O7Se: C, 51.71; H, 
5.02. Found: C, 51.70; H, 5.11.

(E)-O-acetyl-5-((3-(3,4-dihydroxyphenyl)acryloyl)oxy)-4- 
deoxy-2,3-O-isopropylidene-4-seleno-D- ribofuranoside (SG-4a) was 
obtained as oil (83 %). 1H NMR (500 MHz, CDCl3, Fig. S4): δ 7.63 (d, J =
15.9 Hz, 1H, H8), 7.11 (d, J = 1.3 Hz, 1H, H10), 7.05 (dd, J = 8.2, 1.3 
Hz, 1H, H14), 6.91 (d, J = 8.1 Hz, 1H, H13), 6.32 (d, J = 15.9 Hz, 1H, 
H7), 6.29 (bs, 1H, H1), 5.74 (s, 1H, OH), 5.62 (s, 1H, OH), 5.05 (bd, J =
5.4 Hz, 1H, H3), 5.03 (bd, J = 5.4 Hz, 1H, H2), 4.44 (dd, J = 11.6, 5.7 
Hz, 1H, H5b), 4.37 (dd, J = 11.3, 10.6 Hz, 1H, H5a), 3.93 (dd, 1H, J =
10.3, 5.7 Hz, H4), 2.11 (s, 3H, CH3), 1.55 (s, 3H, CH3), 1.36 (s, 3H, CH3). 
13C NMR (125 MHz, CDCl3, Fig. S4): δ 169.4, 166.9, 146.2, 145.5, 143.7, 
127.5, 122.7, 115.6, 115.1, 114.4, 110.8, 90.2, 86.7, 82.6, 66.3, 48.3, 
26.6, 24.7, 21.3. Anal. Calcd for C19H22O8Se: C, 49.90; H, 4.85. Found: 
C, 49.85; H, 4.77.

(E)-O-acetyl-5-((3-(4-hydroxy-3-methoxyphenyl)acryloyl)oxy)- 
4-deoxy-2,3-O-isopropylidene-4-seleno-D-ribofuranoside (SG-5a) 
was obtained as a pale yellow-syrup (0.401 g, 0.850 mmol, 85 %). 1H 
NMR (500 MHz, CDCl3, Fig. S5): δ 7.67 (d, J = 15.9 Hz, 1H, H8), 7.10 
(dd, J = 8.2, 1.0 Hz, 1H, H14), 7.05 (d, J = 1.0 Hz, 1H, H10), 6.94 (d, J 
= 8.1 Hz, 1H, H13), 6.33 (d, J = 15.9 Hz, 1H, H7), 6.30 (bs, 1H, H1), 
5.97 (s, 1H, OH), 5.05 (bd, J = 5.4 Hz, 1H, H3), 5.02 (bd, J = 5.4 Hz, 1H, 
H2), 4.44 (dd, J = 11.6, 5.7 Hz, 1H, H5a), 4.34 (dd, J = 11.3, 10.6 Hz, 
1H, H5b), 4.02–3.86 (m, 4H, H4, OCH3), 2.1 (s, 3H, CH3), 1.54 (s, 3H, 
CH3), 1.35 (s, 3H, CH3), 13C NMR (125 MHz, CDCl3, Fig. S5): δ 169.3, 
166.8, 148.2, 146.8, 145.7, 126.8, 123.3, 114.8, 114.7, 110.8, 109.4, 
90.2, 86.7, 82.6, 66.2, 56.0, 48.4, 26.6, 24.7, 21.3. Anal. Calcd for 
C20H24O8Se: C, 50.96; H, 5.13. Found: C, 50.95; H, 5.23.

4.5. Removal of the O-isopropylidene group to obtain pure compounds 
SG-3b, SG-4b, and SG-5b

A CH3COOH/H2O (8:2, v/v) solution (3.3 mL) was added to SG “a 
series” compounds (1.0 mmol each), stirring at 80 ◦C for 2 h. After 
solvent evaporation under reduced pressure, the organic layer was 
washed with Et2O. The crude residue was purified by silica gel column 
chromatography (CHCl3:MeOH, 19:1 v/v) to give compounds SG-3b, 
SG-4b, and SG-5b.

(E)-O-acetyl-5-((3-(4-hydroxyphenyl)acryloyl)oxy)-4-deoxy-4- 
seleno-D- ribofuranoside (SG-3b) was obtained as oil (71 %). 1H NMR 
(400 MHz, CD3OD, Fig. S6): δ 7.64 (d, J = 16.0 Hz, 1H, H8), 7.48 (d, J =
8.4 Hz, 1H, H10), 6.83 (d, J = 8.5 Hz,1H, H11), 6.34 (d, J = 16.0 Hz,1H, 
H7), 5.83 (bs, 1H, H1), 4.36 (m, 1H, H2), 4.29 (dd, J = 11.5, 8.2 Hz, 1H, 
H5a), 4.17 (dd, J = 8.7, 2.7 Hz, 1H, H3), 3.8 (m, 1H, H4), 2.05 (s, 3H, 
CH3). 13C NMR (100 MHz, CD3OD, Fig. S6): δ 169.0, 167.5, 159.1, 
145.5, 129.8, 125.8, 115.4, 114.4, 78.0, 76.5, 73.0, 66.4, 42.0, 19.5. 
Anal. Calcd for C16H18O7Se: C, 47.89; H, 4.52. Found: C, 47.88; H, 4.61.

(E)-O-acetyl-5-((3-(3,4-dihydroxyphenyl)acryloyl)oxy)-4- 
deoxy-4-seleno-D-ribofuranoside (SG-4b) was obtained as oil (69 %). 
1H NMR (400 MHz, acetone-d6, Fig. S7): δ 7.55 (d, J = 15.9 Hz, 1H, H8), 
7.17 (d, J = 1.7 Hz, 1H, H10), 7.06 (dd, J = 8.2, 1.7 Hz, 1H, H14), 6.87 
(d, J = 8.2 Hz, 1H, H13), 6.28 (d, J = 15.9 Hz, 1H, H7), 5.82 (dd, JH,Se =

13.0 Hz, J = 2.0 Hz, 1H, H1), 4.75 (dd, J = 11.3, 4.9 Hz, 1H, H5b), 4.63 
(s, 1H, OH), 4.41 (m, 1H, H2), 4.26 (dd, J = 11.3, 8.1 Hz, 1H, H5a), 4.22 
(dd, J = 8.6, 3.2 Hz, 1H, H3), 3.84 (ddd, J = 8.3, 4.9, 3.2 Hz, 1H, H4), 
2.02 (s, 3H, CH3). 13C NMR (100 MHz, acetone-d6, Fig. S7): δ 169.4, 
166.2, 148.0, 145.5, 145.3, 126.7, 121.7, 115.5, 114.4, 114.3, 78.6, 
77.0, 75.9, 66.4, 42.5, 20.1. Anal. Calcd for C16H18O8Se: C, 46.06; H, 
4.35. Found: C, 46.10; H, 4.31.
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(E)-O-acetyl-5-((3-(4-hydroxy-3-methoxyphenyl)acryloyl)oxy)- 
4-deoxy-4-seleno-D-ribofuranoside (SG-5b) was obtained as an 
amorphous solid (0.345 g, 0.8 mmol, 80 %). 1H NMR (400 MHz, CD3OD, 
Fig. S8): δ 7.61 (d, J = 15.9 Hz, 1H, H8), 7.19 (d, J = 1.7 Hz, 1H, H10), 
7.07 (dd, J = 8.2, 1.7 Hz, 1H, H14), 6.80 (d, J = 8.2 Hz, 1H, H13), 6.36 
(d, J = 15.9 Hz, 1H, H7), 5.80 (dd, JH,Se = 13.0 Hz, J = 2.0 Hz, 1H, H1), 
4.75 (dd, J = 11.3, 4.9 Hz, 1H, H5b), 4.58 (s, 1H, OH), 4.34 (m, 1H, H2), 
4.26 (dd, J = 11.3, 8.1 Hz, 1H, H5a), 4.16 (dd, J = 8.6, 3.2 Hz, 1H, H3), 
3.98 (s, 3H, CH3), 3.82 (ddd, J = 8.3, 4.9, 3.2 Hz, 1H, H4), 2.03 (s, 3H, 
CH3). 13C NMR (100 MHz, CD3OD, Fig. S8): δ 170.1, 167.3, 149.3, 
148.0, 145.8, 126.2, 122.9, 115.1, 113.6, 110.2, 78.0, 76.5, 75.8, 66.3, 
55.0, 41.9, 19.5. Anal. Calcd for C17H20O8Se: C, 47.34; H, 4.67. Found: 
C, 47.43; H, 4.73.

4.6. Radical scavenging activity

The scavenging capacity of SG-3b, SG-4b, and SG-5b was assessed 
using two different probes: 2,2-diphenyl-1-picrylhydrazyl (DPPH) and 
2,2-azinobis-(3-ethylbenzothiazolin-6-sulfonic) (ABTS). Details about 
the experimental procedures can be found in Ref. [59]. In both methods, 
the compound concentrations (final levels) were equal to 5, 12.5, 25, 
and 50 μM. IC50 values were also calculated.

4.7. Cell culture and cytotoxicity assessment

Immortalized human keratinocytes (HaCaT) and neuroblastoma cell 
line (SH-SY5Y) were cultured in Dulbecco’s Modified Eagle’s Medium 
(DMEM) supplemented with 10 % fetal bovine serum, 50.0 U/mL of 
penicillin and 100.0 μg/mL of streptomycin, at 37 ◦C in a humidified 
atmosphere, with 5 % CO2. Cells were seeded in 96-multiwell plates at a 
density equal to 1.0 × 104 cells/well, and exposed, after 24 h, to SG-3b, 
SG-4b and SG-5b (1, 5, 10, 25, 50, 100, and 250 μM, final concentra-
tions). MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 
bromide] assay was performed 24 h after treatment according to 
Ref. [33]. IC50 values were also calculated.

4.8. Cell response to H2O2 insult after co-treatment, pre-treatment, and 
post-treatment with SG compounds

HaCaT cells were firstly exposed for 1 h to increasing doses of H2O2 
(0.5–5 mM) to determine the concentration able to inhibit the cell 
mitochondrial redox activity by 35 %. The protective role of the inves-
tigated compounds (SG-3b, SG-4b, and SG-5b) was established in cells 
pre-treated for 24 h, and then exposed to H2O2 insult for 1 h (pre- 
treatment); or cells treated with the Se-glycoconjugates and concomi-
tantly with H2O2 for 1 h (co-treatment); or cells exposed to the H2O2 
insult for 1 h and then treated with the compounds under study for 24 h 
(post-treatment). At the end of each protocol, cells were washed twice 
with phosphate-buffered saline (PBS). Then, cell viability was assessed 
by MTT assay. The RAI% was compared to cells treated only with H2O2 
for 1 h, used as the positive control [33].

4.9. Compound cell uptake: UHPLC–HRMS based metabolomics

The cell uptake levels in the human keratinocyte cell line (1.5 × 106 

cells in a Petri dish) were estimated as previously described [19] after 
treatment with SG-3b, SG-4b, and SG-5b (25 μM, final concentration) 
for 24 h. UHPLC-HRMS analysis was assessed on the samples obtained at 
the end of the metabolomic protocol. The NEXERA UHPLC system 
(Shimadzu, Tokyo, Japan) supplied with a Luna® Omega C18 column 
(1.6 μm particle size, 50 × 2.1 mm i.d., Phenomenex, Torrance, CA, 
USA) was used for chromatographic analyses. A binary solution con-
sisting of 75 % H2O and 25 % CH3CN (both acidified with 0.1 % 
HCOOH) served as the mobile phase in isocratic conditions, with a flow 
rate of 0.5 mL/min (5 min run time) and the injection volume of 2 μL. 
The AB SCIEX Triple TOF® 4600 mass spectrometer was used for 

compound detection, employing the same parameters previously re-
ported (paragraph 4.1.). For quantitation purposes, the calibration 
curves were constructed for each analyte in the concentration range of 
6.1–50.0 μM.

4.10. In vitro skin permeation analysis

4.10.1. Penetration assay on static vertical diffusion Franz cells
The skin permeation absorption of HCAs (3, 4, and 5), FG and SG Se- 

glycoconjugates (both labeled as 3b, 4b, and 5b) was carried out using 
static vertical diffusion Franz cells (Lara-Spiral, Courtenon, France) 
[60]. The Institutional Review Board and Animal Ethics Committee of 
the Universitat Autònoma de Barcelona (Spain) approved the animal 
handling protocol (reference 12111, June 11, 2024), which complied 
with the "Guide for the Care and Use of Laboratory Animals" of the US 
National Institutes of Health (Institute of Laboratory Animal Research). 
The porcine skin was obtained from the unboiled dorsal region of do-
mestic pigs. Following the removal of most subcutaneous fat using a 
scalpel, the skin was rinsed with tap water and then dermatomed to a 
thickness of 500 μm ± 50 μm using a Dermatome GA630 (Aesculap, 
Germany). Subsequently, the skin was cut into appropriate pieces (2.5 
cm diameter, 1.86 cm2 nominal surface area) and stored at 20 ◦C. 
Penetration cells (3 mL, 1.86 cm2, Lara-Spiral, Courtenon, France) 
comprised upper donor and lower receptor chambers separated by a skin 
biopsy. The receptor solution, consisting in bovine serum 
albumin-added phosphate-buffer saline at pH 7.4 (Sigma, St. Louis MO, 
USA), was prepared. Before placing the skin onto the lower part of the 
cell with the stratum corneum facing the donor chamber, a magnetic 
stirring bar was introduced. The lower chamber was filled with receptor 
fluid via the lateral inlet of the cell using a Pasteur pipette (~3 mL). The 
penetration cells were clamped and placed in a thermostatically 
controlled water bath (40 ◦C) equipped with a magnetic stirring device 
to maintain the skin’s surface temperature at 32 ± 1 ◦C. The integrity of 
the skin samples was assessed by measuring transepidermal water loss 
(TEWL) using a Tewameter MDD-TM300 (Courage & Khazaka, Cologne, 
Germany). Each compound solution (20 μL) in approximately 1 % w/v in 
ethanol:water 75:25 (v/v) was applied to the skin surface. Three diffu-
sion cells were employed for the experimental assay, with an additional 
cell serving as a control. Following a 24-h exposure time, the skin surface 
(W) was washed with an aqueous solution containing 0.5 % (w/w) so-
dium lauryl ether sulfate (Merck, Darmstadt, Germany) to remove any 
excess compound. Subsequently, various components of the skin biopsy 
(stratum corneum (SC), viable epidermis (E), dermis (D), receptor fluid 
(RF), and rest of skin(R)) were recovered, and extracted and/or diluted 
in methanol, as follows. To determine the FG and SG, or HCA content, RF 
was directly analyzed, while excess W fluids were each added to 10 mL 
of solvent; SC tapes were placed in 2 mL of solvent, and viable E, D, and 
R samples were placed in a volume of 1 mL. All samples were extracted 
overnight in methanol and filtered through a 0.45 μm Nylon filter 
(Cameo, Sigma-Aldrich, St. Louis, MO, USA) before HPLC-DAD analysis.

4.10.2. HPLC-DAD quantitative analysis
In order to assess the amount of the compounds absorbed through the 

skin layer of the Cell Franz diffusion test, quantitative analysis was 
performed by HPLC-DAD. The extracts (obtained as described in previ-
ous section) were analyzed using HPLC (Hitachi Elite LaChrom; Darm-
stadt, Germany), equipped with an L-2130 Pump, L-2200 Autosampler, 
and 5430 Diode assay Detector, controlled using EZChrom Elite software 
v3.1.6. The column was a LiChrosphere 100/Lichrochart 250-5 RP-18 
(5 μm) (Darmstadt, Germany). The injection volume was 20 μL. 
Elution conditions for the detection involved water acidified with 1 % 
HCOOH (A) and acetonitrile (B) with isocratic elution at 27 % B and a 
flow rate of 1 mL/min. The detection parameters are detailed in Table 1
(wavelength and retention time) which also includes the calibration 
curve and linear regression equations (R2 > 0.999) for each analyzed 
compound. Octanol-water partition coefficients (Log P) and molecular 
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volume were predicted by the Molinspiration model suggesting the skin 
permeability of compounds [61]. The obtained data were also presented 
as normalized amounts (%).

4.11. Statistical analysis

Results of anti-radical were based on two independent experiments, 
each performed in triplicate (in total, 2 × 3 measurements. Cytotoxic 
effects by MTT and in-cell antioxidant activity were evaluated, based on 
six replicates from two independent experiments (in total: 2 × 6 mea-
surements). All data were expressed as mean ± standard deviation (SD). 
p < 0.05 values indicated a statistically significant difference.
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