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• Five parabens and their parent com
pound were characterised. 

• Characterisation was performed in vitro 
(cells and chromatography) and in silico. 

• Chromatography was performed on IAM 
and protein phases. 

• Isopropyl paraben induced the strongest 
proliferative action on MCF-7 cells. 

• Relationship between proliferative ef
fect at 0.01 μM concentration and IAM 
data.  
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A B S T R A C T   

Five parabens (PBs) i.e., Methylparaben (MP), Ethylparaben (EP), Isopropylparaben (iPrP), Isobutylparaben 
(iBuP), Benzylparaben (BzP), and their parent compound i.e., para–hydroxy Benzoic Acid (pHBA), were studied 
both in vitro and in silico. Specifically, we determined their retention on several both protein- (Human Serum 
Albumin and α1-acidic glycoprotein) and (phospho) lipid- (immobilized artificial membrane (IAM)) based bio
mimetic stationary phases to evaluate their penetration potential through the biomembranes and their possible 
distribution in the body. The IAM phases were based either on phosphatidylcholine (PC) analogues i.e., PC.MG 
and PC.DD2 or on sphingomyelin (SPH). We also assessed their viability effect on breast cancer cells (MCF-7) via 
MTT assay subjecting the cells to five different PB concentrations i.e., 100 μM, 10 μM, 1 μM, 0.1 μM and 0.01 μM. 
Finally, their pharmacokinetics and toxicity were assessed by the ADMET Predictor™ software. 

Isopropylparaben was found to be more active than 17β estradiol (E2) employed as positive control, on the 
screened cell line inducing cell proliferation up to 150 % more of untreated cells. Other analogues showed only a 
slight/moderate cell proliferation activity, with parabens having longer/branched side chain showing, on 
average, a higher proliferation rate. Significant linear direct relationships (for PC.DD2 r2 = 0.89, q2 = 0.86, for 
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SPH r2 = 0.89, q2 = 0.85, for both P value < 0.05) were observed between the difference in proliferative effect 
between the readout and the control at 0.01 μM concentration and the retention on the IAM phases measured at 
pH 5.0 for all compounds but pHBA, which is the only analyte of the dataset supporting a carboxylic acid moiety. 
IAM affinity data measured at pH 7.0 were found to be related to the effective human jejunal permeability as 
predicted by the software ADMET® Predictor, which is relevant when PBs are added to pharmaceutical and food 
commodities.   

1. Introduction 

For the vast majority, pollutants have an anthropogenic source and 
are ubiquitous in the environment. Amongst these, in the last decades, 
contaminants of emerging concern (CECs) (Yadav et al., 2021) have 
attracted the attention of the scientific community due to pollution 
control, and in an attempt to implement strategies to limit their release 
in the environment. Humans are widely exposed to these chemicals as 
they occur in water, air, and soil. Exposure occurs mainly through the 
diet but also through skin contact and inhalation (Niede and Benbi, 
2022; Pena-Pereira et al., 2021). In fact, these contaminants can bio 
accumulate and exert toxicity in animals and humans, even at very low 
levels of exposure. Indeed, these molecules, the so-called Endocrine 
Disrupting Chemicals (EDCs), act by mimicking the natural hormones 
(Carson, 2002). EDCs can be present, intentionally, or unintentionally in 
products routinely handled or consumed, such as pharmaceuticals, 
personal care products (PCPs), and housecleaning products. 

Indeed, EDCs belong to various chemical classes and therefore show 
different mechanisms of action. Parabens (PBs) are a group of aliphatic 
esters of p-hydroxybenzoic acid (pHBA), which are broadly used for the 
preservation of consumer products due to their chemical stability, low 
cost, and low risk of inducing allergic reactions (Petric et al., 2021; Torfs 
and Brackman, 2021). Recent studies demonstrated that PBs act as EDCs 
and are also considered as CECs, with an adverse impact on the human 
health (Nowak et al., 2018; Wei et al., 2021). Although many in vitro and 
in vivo studies support an acute toxicity of PBs in animals (Lee et al., 
2018), little data is available concerning human health hazards. For 
these contaminants, the exposure-safety profile is hard to establish to an 
extent that, although these have been demonstrated to be non- 
carcinogenic, non-teratogenic and non-mutagenic (Petric et al., 2021) 
for some PBs e.g. Methyl 4-hydroxybenzoate (MP) and Ethyl 4-hydroxy
benzoate (EP), regulatory bodies have set thresholds that should not be 
exceeded. Despite these pressing concerns, no suitable replacements of 
PBs have been identified yet and since the exposure to these chemicals 
occurs from various routes, additive, synergistic effects (Petric et al., 
2021) are likely. After absorption, PBs are metabolically conjugated to 

glucuronic acid, sulphate, or glycine by liver microsomes, and metabolic 
rates are inversely proportional to chain length (Wei et al., 2021). PBs 
are excreted mainly (>90 %) as conjugated, and to a much lower extent 
as unconjugated (Janjua et al., 2008; Moos et al., 2016). They can be 
degraded through a base-catalysed hydrolysis of the ester bond to pHBA. 
This reaction can occur both in the environment after discharge and in 
vivo. When PBs are included as excipients in topical formulations and 
these are applied on the intact skin, they are rapidly metabolized to the 
inactive metabolite pHBA or p-hydroxy hippuric acid (Abbas et al., 
2010; Shin et al., 2019) by the carboxylesterases in keratinocytes. 

To gain insights on their effects on the human health, we investigated 
the toxicity of five PBs and their parent compound, pHBA (Fig. 1), in 
vitro, in terms of interference with cell viability on human breast cancer 
cell line, i.e. MCF-7, because of the estrogenic-dependent mechanism of 
breast cancer and the topical exposure of PBs-containing cosmetics in 
the closely located under arm area (Harvey and Everett, 2012). Indeed, 
recent studies suggest that PBs can modulate estrogen-converting en
zymes, such as 17β-hydroxysteroid dehydrogenase 1 and 2, thus 
increasing estrogenic levels and pro-oncogenic c-Myc expression in 
ER+/HER2+ breast cancer cells (Hager et al., 2022). The choice of PB 
concentrations was determined as toxicologically relevant ranges ac
cording to the literature (Byford et al., 2002; Dagher et al., 2012; Gomes 
et al., 2018; Watanabe et al., 2013) and this was compared to a physi
ologically relevant reference level of E2 that would have observable 
effects on the cells. We also investigated if the in vitro effect on cell 
response was influenced by their affinity for biomembranes and plasma 
proteins. To assess the membrane affinity of PBs, we used Immobilized 
Artificial Membrane Liquid Chromatography (LC) and explored possible 
relationships between phospholipids (phosphatidylcholine (PC) and 
sphingomyelin (SPH)) affinity and MCF-7 cell viability. Finally, because 
contaminant toxicity is affected also by pharmacokinetic parameters, 
such as protein binding, we investigated PBs binding to the main plasma 
proteins (PPs) i.e., Human Serum Albumin (HSA) and Alpha-1 acid 
glycoprotein (AGP), which represent the most abundant carrier proteins 
of endogenous and xenobiotic compounds in the bloodstream, employ
ing biomimetic stationary phases featuring these two proteins immobi
lized onto a silica core. Indeed, especially for hydrophobic compounds, 
protein binding may play an important role, as strong binding to PPs 

Abbreviation list 

CECs contaminants of emerging concern 
PCPs Personal care products 
E2 17β estradiol 
EDCs Endocrine disrupting chemicals 
PB Paraben 
pHBA p-hydroxybenzoic acid 
IAM.LC Immobilized artificial membrane liquid chromatography 
HSA Human Serum albumin 
AGP Alpha-1 acid glycoprotein 
MP Methyl 4-hydroxybenzoate 
EP Ethyl 4-hydroxybenzoate 
iPrP Isopropyl 4-hydroxybenzoate 
BzP Benzyl 4-hydroxybenzoate 
iBuP Isobutyl 4-hydroxybenzoate 

DMSO Dimethylsolfoxide 
dH2O distilled water 
FBS foetal bovine serum 
PBS phosphate buffer saline 
Peff Effective human jejunal permeability (cm/s × 10^4). 

RMSE/MAE = 0.31/0.25 log units 
PPs plasma proteins 
SPH Sphingomyelin 
diff coeff Hayduk-Laudie infinite dilution diffusion coefficient (cm2/ 

s × 105) of nonelectrolytes in water 
LogBB Logarithm of the Brain/Blood partition coefficient. RMSE/ 

MAE = 0.37/0.28 (2D and 3D) 
MTT assay 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H- 

tetrazolium bromide assay 
MCF-7 breast cancer cell line (Michigan Cancer Foundation-7)  
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typically induces a depot effect, leading to a delayed/sustained release 
from the body fat (Fanali et al., 2012) and to consequences in the onset 
of action and on crucial pharmacokinetic (PK) parameters such as 
elimination half-life and volume of distribution. To the best of our 
knowledge, this is the first time that cell viability data of PBs are 
compared to biomimetic LC and in silico data in a single, structured 
study. Both biomimetic LC experiments and in silico prediction are faster 
and more reproducible than cell viability assays. Therefore, this could 
pave the way of using these techniques to surrogate toxicity values 
which is particularly relevant for ample datasets of pollutants, if sig
nificant relationships between cell viability and either biomimetic LC or 
in silico prediction are observed. 

2. Materials and methods 

2.1. Chemicals 

Methyl 4-hydroxybenzoate (MP), Ethyl 4-hydroxybenzoate (EP) 
were purchased from Merck & Co. (Poole, United Kingdom). Isopropyl 
4-hydroxybenzoate (iPrP) and Isobutyl 4-hydroxybenzoate (iBuP) were 
purchased from Fluorochem (UK), Benzyl 4-hydroxybenzoate (BzP) 
from Sigma-Aldrich (Milan, Italy), pHBA was from J&K (USA). The 
purity of all PBs was equal to or higher than 98 %. Potassium dihydrogen 
phosphate (purity > 98 %) was sourced from Merck (Darmstadt, Ger
many). Milli Q water was produced in-house, and its conductivity was 
0.055 μS cm− 1 at 25 ◦C (resistivity equals 18.2 MΩ⋅cm). The pH was 
determined using a pH meter. The buffer was kept at 4 ◦C until use for a 
maximum of one week. HPLC grade Acetonitrile (ACN) and Methanol 
(MeOH) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Human breast cancer cell line MCF-7 cells were from the American Type 
Culture Collection (Manassas, Virginia, ATCC number: HTB-22, ECACC 
number: 86012803). Stock solutions of all PBs were made at a 10 mg/mL 
concentration in analytical grade DMSO and working solutions of 2.0 mL 
were made from these by diluting them in dH2O to 1 mM. The working 
solution was then filter sterilized using a 0.2 μm filter (Merck KGaA, 

Darmstadt, Germany), and five different concentrations i.e., 400 μM, 40 
μM, 4 μM, 0.4 μM, and 0.04 μM prepared in treatment medium to be 
used in-well at final concentrations of 100.0, 10.0, 1.0, 0.1 and 0.01 μM. 
Furthermore, a stock solution of 17β-estradiol (E2, purity ≥98 % from 
Merck & Co (Poole, United Kingdom)) was made at 37 mM in DMSO and 
diluted down to 1 mM in dH2O. 17β-estradiol solution (280.0 nM) was 
prepared in treatment medium from 1 mM 17β-estradiol solution to be 
used in the MTT assay at an in-well concentration of 70.0 nM. DMSO 
working solution was prepared at 400.0 μM in the treatment medium. 
The IAM.SPH column (150 mm × 2.1 mm, 10 mm), was prepared in 
house (Russo et al., 2021; Verzele et al., 2012). 

2.2. Chromatographic analysis 

For the study of PBs protein binding the stainless-steel columns were 
a 100 × 4 mm i.d. CHIRALPAK® HSA and a 100 × 4 mm i.d. CHIR
ALPAK® AGP (both from Chiral Technologies Inc., West Chester, PA, 
USA). HSA and AGP chromatography were both performed using eluent 
at various percentages ranging from 95/5 to 80/20 (v/v) 20 mM phos
phate buffer pH 7.0/2-propanol at flow rate of 0.9 mL min− 1. For the 
study of PBs affinity for phospholipids, an analytical column IAM.PC.MG 
(4.6 × 150 mm; Regis Chemical Company, Morton Grove, IL) was used. 
Liquid chromatograph model consisted in both studies of a Shimadzu 
system (LC-20 VP - Shimadzu Corp., Kyoto, Japan), a 7725 Rheodyne 
injection valve fitted with a 20 μL loop, an ultraviolet (UV)/visible de
tector (Shimadzu Model SPD10 AV) set at λ 254 nm wavelength. Data 
acquisition and integration were accomplished by Cromatoplus® soft
ware. For the determinations on the IAM.PC.DD2 (150 mm × 4.6 μm i. 
d., 10 mm p.s., 300 Å) and IAM.SPH columns, an Alliance HPLC system 
(Waters Corporation, U.S) with 2690/2695 separation module, 2996 
PDA detector, 717 plus autosampler and 2487 dual λ absorbance de
tector was used at 254 nm wavelength. The methods were set, and 
chromatograms were recorded by Waters Empower® 3 software. On all 
the IAM columns, employed eluents were 0.1 M phosphate buffer at pH 
7.0 and acetonitrile at percentages between 70/30 (v/v) and 95/5 (v/v) 

Fig. 1. Chemical structures of parabens covered by the study.  
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with flow rates of 1.0 mL min− 1 (PC.MG and PC.DD2) and 0.3 mL min− 1 

(SPH). All samples were dissolved in ACN (ca. 10− 4 M) and chromato
graphic analyses were carried out at 22 ± 2 ◦C. The eluents were ob
tained directly by mixing the acetonitrile and the aqueous buffer and the 
mixtures were subsequently degassed in an ultrasonic bath. All mobile 
phases were vacuum filtered through 0.22 μm nylon membranes (Mil
lipore, Burlington, MA USA). Stock solutions of all PBs were prepared in 
ACN at 14–9 mM concentration range. Working solutions were freshly 
prepared daily by diluting the stock solutions in ACN at 72–22 μM final 
concentration range, filtered through 0.22 μm membrane and a 20 μL 
sample was injected into the LC system. Sample solutions were stored in 
the freezer at − 18 ◦C and were used for no more than 90 days. The 
working solutions were discarded at the end of each day. The affinity for 
all five stationary phases was determined as chromatographic retention 
coefficient k, defined as: 

k =
tr − t0

t0
(1)  

where, tr and t0 are the retention times of the analyte and a non-retained 
compound (acetone), respectively, and reported as logarithm, log k. The 
affinity values refer to a 100 % (v/v) aqueous eluent and are achieved by 
an extrapolation method (Braumann et al., 1983) varying the ACN in 
various percentages (φ), due to both protein and phospholipid based 
stationary phases requiring organic modifier to allow elution of the 
target analytes. 

2.3. ADMET predictor calculations 

PBs toxicity was predicted using Simulations-Plus ADMET Predic
tor™ Version 7.1 (Simulation Plus, Lancaster, CA, USA) for Windows- 
based personal computers, a program able to estimate properties such 
as Absorption, Distribution, Metabolism, Excretion, and Toxicity start
ing from the molecular structure of the compounds with a high degree of 
accuracy. The software uses artificial neural network ensemble (ANNE) 
models (Paixão et al., 2014) trained with well-defined drugs. A default 
pH 7.4 was chosen for in silico predictions and, concerning the ADMET 
data, percent unbound to plasma proteins, blood-to-plasma concentra
tion ratio and volume of distribution were considered. 

2.4. Cellular assays 

2.4.1. Cell culture and treatment 
MCF-7 cells were maintained aseptically, being split and passaged in 

RPMI medium consisting of 88.0 mL of RPMI 1640 medium, supple
mented with 10 % (v/v) FBS, 1 % penicillin/streptomycin 1:1 10.0 mg/ 
mL in a combined solution and 1 % of 200 mM L-glutamine. Drug 
treatment was carried out using reduced RPMI medium prepared as 
before, but with phenol red-free RPMI medium supplemented with 10 % 
charcoal stripped FBS, to avoid any external estrogenic influences due to 
the presence of phenol red (Berthois et al., 1986). 

To optimise cell concentration for the study, cells were incubated for 
48, 72, and 96 h in three 96-well plates without any drug treatment, at 
concentrations of 1 × 104, 5 × 104, 1 × 105 and 5 × 105 cells/mL. An 
MTT assay was then carried out to evaluate cell growth after incubation, 
and an optimal plating concentration of 1 × 104 cells/mL chosen. 

For repetitions of the assay, after adjusting the cell concentration to 
1 × 104 cells/mL, 150 μL of cell and medium solution was added to all 
wells of the 96-well plate, except for the blank sample (medium only). 
Cells were checked for growth and contamination a day later. 70 nM 
17β-estradiol was used as a positive control, 

DMSO at a concentration equivalent to the maximum amount used in 
PBs preparations was used as a solvent control, and cells treated with 
0.1 % Triton X in PBS were used as a negative control, this being a 
detergent which induces cell membrane disruption and consequent cell 
death (Strupp et al., 2000). 

The cells were then treated by addition of 50 μL of all controls and 
PBs to bring the final concentration within the wells to between 0.01 μM 
to 100 μM. The plate was then incubated for 72 h at 37 ◦C with a 5 % CO2 
humidified atmosphere with nine to eleven replicates undertaken for 
each PB concentration. 

2.4.2. MTT assay 
A fresh stock solution of 5.0 mg/mL MTT (Sigma-Aldrich UK Ltd.) 

was prepared in PBS and wrapped in tin foil to protect it from sunlight. 
Thereafter, a working MTT solution was made by adding 2.0 mL of stock 
MTT solution to 5.0 mL of treatment medium, for a total volume of 7.0 
mL. Before adding MTT to the plate, 50.0 μL of Triton was added to the 
negative control wells, and the plate incubated again for few minutes 
and then removed. All previous medium present in the wells was then 
removed and replaced with fresh treatment medium and 50.0 μL of MTT 
solution. The plate was wrapped in tin foil and incubated for 3–4 h at 
37 ◦C. After incubation, all medium was removed carefully from the 
wells and replaced with 150.0 μL of DMSO to dissolve the blue crystals 
formed during the intervening reaction. Thereafter, the plate was kept in 
dark for 30 min before running on a Sunrise plate reader using Magellan 
Tecan software. This was carried out using an absorbance wavelength of 
540 nm and a reference wavelength of 620 nm. 

2.4.3. Statistical analysis 
Data analyses were performed by a 2-way ANOVA (Minitab 21), 

Microsoft Excel (Office 365) and IBM SPSS Statistics 29.0.1.1 on a quad- 
core Windows 10 - based PC. 

3. Results and discussion 

3.1. Chromatographic analysis 

As PBs are neutral compounds, their retention is mainly determined by 
hydrophobicity-based interactions, with polar/electrostatic forces playing 
an only minor role. Phospholipophilicity, i.e. the affinity for phospholipids 
(Russo et al., 2019; Russo et al., 2017) of the six chemicals was assessed by 
determining log kw

IAM using IAM.PC.MG, IAM.PC.DD2 and IAM.SPH col
umns, either at pH 5.0 (to simulate the skin pH) or at pH 7.0 (to mirror the 
blood). Table 1 shows the results achieved by all chromatography sta
tionary phases employed in this study. The IAM stationary phases consist 
of phosphatidylcholine analogues mimicking biological cell membrane 
(Russo et al., 2018; Russo et al., 2023). PC.DD2 differs from PC.MG in the 
end-capping of residual amino groups of the silica-propylamine core 
supporting C10 and C3 alkyl chains being end-capped by both decanoic and 
propionic anhydrides, respectively while PC.MG supports hydroxy groups, 
being end-capped by methyl glycolate (Grumetto and Russo, 2021; Gru
metto et al., 2015). IAM parameters performed on all stationary phases 
have been already found strongly interrelated for both pH values (pH 7.0: 

Table 1 
Logarithms of retention coefficients of PBs on HSA, AGP, IAM.PC.MG, IAM.PC. 
DD2 and IAM.SPH stationary phases. The values refer to a 100 % (v/v) aqueous 
eluent and are achieved by an extrapolation method. Fluctuations on the chro
matographic retention factors never exceeded 4 % and are the averages of at 
least independent measurement per each % of organic modifier (n = 4), nr = not 
retained, nd = not detected.  

Solute pH 7.0 pH 5.0 

log 
kw

HSA 
log 
kw

AGP 
log 
kw

IAM. 

MG 

log 
kw

IAM. 

DD2 

log 
kw

IAM. 

SPH 

log 
kw

IAM. 

MG 

log 
kw

IAM. 

DD2 

log 
kw

IAM. 

SPH 

pHBA nr nr  − 0.96  − 1.05  − 0.49 nr  0.41  0.51 
MP 1.18 1.03  0.61  1.31  1.08 0.63  1.07  1.09 
EP 1.16 1.49  0.96  1.75  1.46 0.99  1.55  1.49 
iPrP 1.29 0.92  1.23  1.91  1.82 1.29  1.89  1.89 
iBuP 1.71 1.19  1.71  2.45  2.35 1.76  2.62  2.77 
BzP nd nd  2.29  2.73  2.72 2.14  3.08  2.78  
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log kw
PC.MG vs log kw

PC.DD2, y = 1.1945 (±0.1134)x + 0.3540 (±0.1597), 
r2 = 0.965; pH 5.0: log kw

PC.MG vs log kw
PC.DD2, y = 1.3465 (±0.0345)x +

0.2081 (±0.0505), r2 = 0.998) as assessed in our previous studies (Gru
metto et al., 2012; Grumetto et al., 2016b; Russo et al., 2017). This is not 
surprising as it was demonstrated that the different end capping has a 
marginal role in the affinity between chemicals and the IAM phase and 
that, in IAM LC, the analytical retention of neutral molecules mainly de
pends on their n-octanol/water partitioning (Grumetto et al., 2016a; 
Tsopelas et al., 2016). Consistently, BzP, which is the solute with the 
highest molecular mass (228.24 Da) is the compound retained for the 
longest time on all the IAM phases. 

The binding to serum proteins determines the available concentra
tion of toxicants. Indeed, binding to the HSA and AGP can occur at many 
structural and functional subdomains on this protein via forces of both 
electrostatic and hydrophobic nature. However, the two PP biomimetic 
columns exhibit a different selectivity particularly with electrolytes, as 
the HSA affords a stronger retention of anions whereas the AGP typically 
retains cations as compared to a hypothetical neutral isolipophilic 
molecule. According to our HSA and AGP LC experiments, the highest 
affinity of this plasma protein was observed for iPrP and iBuP as affinity 
of BzP for these PP could not be measured due to excessive retention. 

3.2. In vitro bioscreenings for cell response 

All the studied compounds were found to induce proliferation of 

MCF-7 cells; however, this was more marked for those having longer and 
branched alkyl side chains compared to those with short and straight 
chains. The proliferation of MCF-7 cells, epithelial-like type human 
breast adenocarcinoma cells, was estimated after treatment of cells with 
PBs, pHBA and E2 as positive control, to test their ability to induce cell 
growth (Fortunati et al., 1999). E2, at a concentration of 70 nM, induced 
cell proliferation to an extent 130 % greater than untreated cells. 
Amongst the six chemicals under investigation, those having longer/ 
branched side chain showed higher proliferation rates in MCF-7 cells, 
and in particular, iPrP at 1.0 μM induced a proliferation that was about 
20 % greater than E2 (150% vs untreated cell). In comparison, the other 
PBs, BzP and iBuP, at concentrations of 10.0 and 0.1 μM respectively, 
caused cell growth lower than E2, while MP and EP had a slightly pro
liferative effect on MCF-7, as can be seen in Fig. 2. A possible explana
tion of this behaviour is that sterically hindered esters undergo 
hydrolysis to a lower extent than linear, less bulky esters (Xu et al., 
2021). Statistical analysis carried out (2-way ANOVA) indicated that 
there was significance with respect to the effects of the different drugs (p 
< 0.001), but that there was no significant relationship with concen
tration (therefore concentration-independent), and no relationship for a 
combination of drug and concentration. 

3.3. Relationships between biomimetic LC and cell data 

We employed several biomimetic stationary phases i.e., HSA, AGP, 

Fig. 2. Plot showing the effect of the selected compounds in terms of cell viability as % of Absorbance of untreated cell (UT) control. Med – Medium only control; Neg 
– triton-X treated cells; DMSO – DMSO control; E2 17β estradiol70nM; pHBA – p-hydroxybenzoic acid; MP – Methyl 4-hydroxybenzoate; EP – Ethyl 4-hydroxyben
zoate; iPrP – Isopropyl 4-hydroxybenzoate; iBuP – Isobutyl 4-hydroxybenzoate; Bz – Benzyl 4-hydroxybenzoate. All data points represent mean and standard de
viation for 9–11 replicates. 2-way ANOVA indicated significant differences in the responses to different parabens (p < 0.001) but not to concentration, and not to 
concentration and chemical combined. 
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IAM.PC.MG, IAM.PC.DD2 and IAM.SPH stationary phases, to explore 
possible relationships between the PBs affinity for biological structures 
and proliferative effect in MCF-7 cells. The differences between readout 
and control on the MCF-7 cell line (delta viability) at all the assayed 
concentrations of parabens are reported in Table S1. The retention fac
tors of only four solutes out of six could be determined by HPLC on the 
PP HSA and AGP, therefore the conclusions that we can draw are 
limited. The relationship between log kw

HSA and the difference in pro
liferative effect between the readout and the control at 0.1 μM was very 
good and is reported in the Fig. S1. Other than that, all the other re
lationships between PP biomimetic LC and delta viability were very 
weak. LC approach performed on an IAM stationary phases, allows high 
reproducibility, yielding log kw

IAM values as a direct measure of the 
phospholipophilicity, i.e., the analyte affinity for phosphatidylcholine, 
as well as sphingomyelin, typically found in the membranous myelin 
sheath that surrounds some nerve cell axons (Bieberich, 2018). An 
exemplative chromatogram is shown in Fig. 3. The best relationship 
between the difference in proliferative effect between the readout and 
the control was at 0.01 μM concentration and the retention on the IAM 
phases MG (r2 = 0.893) and SPH (r2 = 0.887) measured at pH 7.0 was 
observed for all compounds but pHBA, which is the only analyte of the 
dataset supporting a carboxylic acid moiety. However, pHBA is the only 
carboxylic acid, so it is structurally unrelated with the other molecules, 
thus the interaction with the biological target (Fig. 4A and B) may be 
based on structural moieties that are not supported by other solutes in 
the dataset. 

The present findings should be cautiously considered. One limitation 
of the experimental design is that cell viability was assessed only on a 
cancerous cell line e.g., MCF-7, but not on the normal counterpart e.g. 
MCF-10a, this implies that the effects are not necessarily relatable to a 
healthy tissue. Moreover, for some extremely polar and extremely hy
drophobic molecules e.g., pHBA and BzP, chromatographic affinity on 
PPs could not be determined. This depends on the aspect that pHBA was 
not retained at all by protein stationary phase whereas BzP could not be 
eluted using eluents containing 20 % 2-propanol (v/v). Indeed, ac
cording to the manufacturer’s guidelines, using organic modifier at 
higher concentration may result in the denaturation of the protein with 
consequential loss in reproducibility and retention (Fournier et al., 
2000). 

3.4. Relationships between in silico calculated properties, cell 
proliferation, and phospholipophilicity 

In the last years, ADMET Predictor™ software (Ghosh et al., 2016) 
has become a well-recognized tool for its role in predicting properties, 
nevertheless it is important that the employment of in silico and chro
matographic data is supported by in vitro cell experiment. Permeability 
of a molecule, for oral/topical administration, depends on the extent of 
their transportation through the walls of cells. Concerning PBs, it can 
provide usefulness in predicting the permeability rate as a crucial 
parameter for the estimation of cell crossing (Neri et al., 2022). We 
found an excellent correlation (r2 = 0.982, significant at the 0.01 level 
(2-tailed)) between affinity data achieved on PC.DD2 at pH 7.0 and Peff, 
the predicted human effective jejunal permeation, supporting the evi
dence that the more these compounds interact with the phospholipid- 
like phase, the more these can cross the biomembranes. In fact, it has 
been reported that chemicals with a Peff value > 1.5 are completely 
absorbed no matter which transport mechanism(s) is utilized 
(Lennernäs, 2007). Fig. 5 shows that the Peff values for all the PBs are 
>1.5, suggesting completed absorption. Our analytes showed values 
well above 1.5 (>3.0 for pHBA and above 4.0 for other compounds), 
indeed they were considered as highly permeable compounds, therefore 
growing in toxicity scale. Furthermore, in silico calculated Log BB, 
considered as an indicator for Blood Brain Barrier delivery, was also 
found related to data achieved on PC.DD2 at pH 7.0 (r2 = 0.914, sig
nificant at the 0.01 level (2-tailed)), according to literature data con
cerning PBs penetration into the brain (Denuzière and Ghersi-Egea, 
2022). Diffcoeff, an Hayduk-Laudie infinite dilution diffusion coefficient 
(cm2/s* 105), was found to be inversely related with all the chromato
graphic data, particularly for IAM data achieved on both PC.MG and PC. 
DD2 stationary phases (r2 = 0.976, significant at the 0.01 level (2- 
tailed)). This is not surprising as according to the Stokes–Einstein 
equation, the diffusion coefficient of a molecule is expected to increase 
in inverse proportion to its approximate radius (Dubey et al., 2021). 
Therefore, a larger molecular weight is related to a larger approximate 
radius, so that the diffusion coefficient is generally smaller. For neutral 
molecules, retention on the biomimetic stationary phases depends upon 
hydrophobicity interactions, given that no electrostatic contribution can 
be reasonably observed. Hydrophobicity is directly related to the mo
lecular volume of the chemical, which is again linearly dependent on the 
approximate radius. These results are consistent with those achieved by 

Fig. 3. HPLC chromatogram; from left to right, iPrP, iBuP, BzP in 70/30 0.1 M KH2PO4 buffer pH 7/ACN. Bz – Benzyl Paraben; iBuP – IsoButyl Paraben; iPrP – 
IsoPropyl Paraben. Experimental conditions are detailed in 2.2. 
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Okubo et al. (2001) who studied the estrogenic activities of MP, EP, 
propylparaben, butylparaben, iPrP and iBuP by assaying estrogen- 
receptor (ER)-dependent proliferation of MCF-7 cells. They concluded 
that the parabens with longer sidechains showed greater affinity for 
estrogen receptors and that these exhibited similar relative binding af
finity values to both ERα and ERβ. Our results also agree with those by 
Charles and Darbre (2013) who studied the proliferation effects on MCF- 
7 of both individual parabens and their combinations. Specifically, the 
authors determined both EC50 and EC100, the lowest concentrations for 
half maximal – and maximal – simulation of proliferation, respectively, 
of a range of PBs which included MP, EP and iBuP. Both these ranked in 
the order MP (10− 4 M) > EP (10− 5 M) > iBuP (10− 6 M), suggesting that 
iBuP is the PB able to induce cell proliferation at lower concentration. It 
is noteworthy to indicate that comparison with the raw numerical data is 
not appropriate, given that the experimental conditions were different 
as the ECs were assessed after 7 and 14 days in culture which is longer 
than in the present study. Elsehly et al. (2022), instead, evidenced a 
proliferative effect on MCF-7 cell of MP that was concentration 

dependent, however this does not contradict any of our findings as this 
effect was visible at concentrations that are much higher (40–800 μM) 
than ours (0.01–100 μM). Indeed, if we look at the work by Wróbel and 
Gregoraszczuk (2013), who assessed the proliferation and oestradiol 
secretion on MCF-7 cells, the concentration dependency of MP on cell 
viability was lost in the 0.2 nM–2 μM range, which partially overlaps 
ours. Clearly, cell proliferation is not the only hallmark of cancer cells, 
and in this context the study by Khanna et al. (2014) is particularly 
interesting as it covers the migratory and invasive activity of breast 
cancer cells in vitro upon exposure to PBs. The authors reported that the 
rate of cell invasion through matrigel-coated membranes was increased 
most markedly after long-term exposure to MP as compared to other 
longer chained PBs, however again the concentration applied to study 
the invasive properties are one order of magnitude higher for MP (10− 4 

M) as compared to the other PBs assayed (10− 5 M). Moreover, the use of 
predictive toxicology tools to assess the endocrine-disrupting potential 
of parabens in silico has been recently proposed by both Jakopin (2021) 
and Smith et al. (2020). This approach is based on calculating the 

Fig. 4. Relationships between readout and control on the MCF-7 cells and log kw
IAM on both (A) sphingomyelin (SPH) (q2 = 0.86, SE = 0.25) and (B) MG (q2 = 0.85, 

SE = 0.26) phases achieved at pH 7.0. 
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binding affinities of PBs to an array of nuclear receptors. All the output 
of ADMET Predictor™ software is available as supplementary material 
(Table S2). 

4. Conclusion 

The potential of biochromatography to predict PBs affinity for bio
logical structures was evaluated along with cell proliferation activity. 
IAM LC has historically been exploited to estimate the absorption po
tential of therapeutics. The technique can offer effectiveness in profiling 
the toxicity of compounds typically belonging to the same class and is 
particularly discriminative when the toxicity depends mainly upon the 
toxicokinetic of the chosen chemicals but not or not noticeably on their 
toxicodynamic. Biomimetic chromatography is robust in simulating in
teractions between xenobiotics and biological structures both using 
immobilized artificial membranes and proteins. Our chromatographic 
data relate quite well to conventional in vitro methods such as MCF-7 cell 
proliferation assay, suggesting that toxicity can be mediated by a higher 
potential of passage through biological membranes. The study shows 
that biochromatography may be a valuable experimental tool in pre
dicting cellular permeability and biodistribution process of xenobiotics, 
and therefore, their possible toxicity. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.scitotenv.2024.170461. 
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