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Reviewer #1: The review refers to the application of biomimetic chromatography and
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1) Numbering of paragraph is not correct. For example, introduction is not numbered, the
next paragraph is numbered 1 and 1.1, next paragraph is numbered 1.2. and 1.2.1. (if a
paragraph is numbered 1.2.1. the reader searches for paragraph 1.2.2), the next paragraph
Is numbered 2.2.2 (1), etc. Please pay attention to the numbering of paragraphs.

Answer: There was a confusion with the numbering of the paragraphs, and this was
occasioned during the building of the pdf file. The numbering of paragraphs was
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2) Title: I suggest authors to rephrase the title, as the study refers to ADME properties.
Authors should avoid the term "bioavailability" (see comment below) and replace it by
"ADME properties” or "model biological processes"”, etc.

Answer: As suggested by the reviewer (also along comment #3), a new title for the
manuscript has been proposed: “Human artificial membranes in (bio)analytical science:
Potential for in vitro prediction of intestinal absorption-A review ”

3) Bioavailability and human oral absorption/ intestinal absorption: The main audience
of this journal is Analytical Chemists, who are NOT likely to be familiar with
bioavailability and oral absorption. Therefore, my major suggestion is to clarify these
terms as much as possible and to use the appropriate one. For example, at line 53, as it is
written, a reader may be misled to a conclusion that bioavailability is the same thing with
human absorption. Furthermore, in lines 346-347 the term of "human intestinal
absorption™ is used, while in lines 66, 191 and 475 authors prefer the word
"bioavailability”. However, bioavailability is something different than oral (intestinal)
absorption, and it refers to the percentage of an administered dose of a xenobiotic that
reaches the systemic circulation. Bioavailability depends both on intestinal absorption
and on first-pass metabolism. Therefore, bioavailability is equal or lower than oral
absorption, depending on the extension of the first-pass effect. However, all described
assays can not really predict the first-pass metabolism, but only intestinal absorption.
Therefore, | suggest authors to use the term "(human) oral absorption” or “intestinal
absorption”, because this process is the one that can be simulated.

Answer: As recommended by the referee, potential misleading statements concerning the
terms “bioavailability” and “human oral absorption/intestinal absorption” have been
eliminated. Therefore, along the manuscript, the term bioavailability has been changed
by “intestinal absorption (I4)” .



4) Line 73: Replace "octanol-water conditions" with "octanol-water system".

Answer: The term “octanol-water conditions” has been changed by “octanol-water
system”.

5) Line 74: Replace "..predict the lipophilicity.." with "..to express the lipophilicity".
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Answer: The term
lipophilicity”.

6) Lines 105-106, 124-126, 397-400: Authors use the term "biomimetic liquid
chromatography™ to describe HSA and AGP stationary phases. | do not fully agree with
this term. All chromatographic techniques described in this review (IAM, micellar
chromatography and HSA/AGP) can be characterized as biomimetic. | suggest authors to
use the term "Immobilized Plasma Protein Chromatography" which is more accurate.

“..predict the lipophilicity..” has been changed by “..to express the

Answer: As suggested, the term BLC has been changed by “Immobilized Plasma Protein
Chromatography (IPPC)” along the revised manuscript.

7) Paragraph 1.2.1. and Table 1: Two comments can be added: (a) For human oral
absorption (intestinal absorption) experiments should be carried out at a certain range of
pH due to the pH gradient of the gastrointestinal tract (ideally between 2.0-8.0) and the
maximum retention should be considered (https://doi.org/10.1016/j.ejps.2015.09.020 and
https://doi.org/10.1016/j.ijpharm.2008.04.025), (b) The use of MS as a detector of the
chromatographic system offers the opportunity to inject mixtures of the compounds under
investigation (and not to inject compounds one by one) and therefore the screening
process speeds up. However, in this case a compatible eluent with MS should be selected
(e.g. PBS can not be used), which can also model biological fluids.

Answer: In the revised manuscript, a new paragraph (lines 311-324, pages 19-20) has
been added to include these valuable comments for future researchers that want to
explore the possibility to prepare novel systems for IAM chromatography.

8) Lines 318-326: (a) Comparison of IAM with biopartitioning micellar chromatography:
IAM also predicts %HOA associated with passive diffusion. If the underlying mechanism
is other (e.g. via paracellular route in the case of small molecules, active transport), large
deviations can be observed, (b) A sentence to explain the biomimetics performed by BMC
can be added (Due to the hydrophilic/hydrophobic character of surfactants the modified
stationary phase structurally mimics the ordered array of the hydrocarbon chains in
membranes as well as the polar membrane regions), (c) A double equilibrium in the case
of BMC exists.

Answer: A more detailed information about BMC has been included in the revised
manuscript (lines 330-339, page 20) to convey the three main ideas given by the referee.

9) Lines 385-395: Evaluation of BMC: Some comments can be added, such as its
advantage to simulate simultaneously a number of pharmacokinetic properties with one
only measurement, its low cost and flexibility (e.g. can be used with combinations of
surfactants and stationary phases), but it can not be used in gradient conditions (the
required time for measurements increases), see: last paragraph of conclusions in
https://doi.org/10.1016/j.chroma.2020.461027



Answer: As suggested, some comments based on of the JCA paper by Tsopelas et al.
(added to the manuscript, reference 70) has been included in the revised manuscript (lines
401-406 and page 26).

10) Line 409: Replace "HAS" with "HSA".

Answer: The typo was corrected in the revised manuscript.
11) Line 412: Replace "materias" with "materials".
Answer: The typowas corrected in the revised manuscript.

12) Paragraph 2.2.3.: In the end of this paragraph, a brief discussion/ evaluation of
immobilized plasma protein chromatography and its perspectives can be added.

Answer: As recommended, a brief discussion, including the future perspective of this topic
has been added to the revised manuscript (lines 449-456, page 28)

13) Lines 462-483: Some sentences can be omitted (e.g. 462-463, some results
concerning R2, etc). Note that the part conclusions is not an abstract. Conclusions, current
trends, perspective and future expectations as well as limitations should be discussed.

Answer: The conclusions have been revised and sentences regarding specific results have
been removed.



Reviewer #2: Human absorption, distribution, metabolism and excretion are biological
processes that involve several organs, finally determining the bioavailability of a
compound, i.e., its levels in tissues. Animal testing (in vivo approaches) still represents a
gold standard, especially in pre-clinics (drug testing). However, in vivo models are
generally time-consuming, expensive and labor-intensive. Therefore, there is a need to
develop alternative in vitro platforms for application in bioavailability studies. Over the
last decades, there was published a multitude of articles that report, e.g., about
bioavailability and toxicity of different compounds using a variety of models and distinct
experimental conditions. On the contrary, the number of related review articles
highlighting benefits and drawbacks of tested techniques is rare.

This nicely prepared review focuses on the current state-of-the-art of artificial biomimetic
membranes (bio-membrane surrogates) in bioanalytical science to improve
bioavailability predictions with special emphasis on the fabrication of new innovative
materials and techniques: The authors covered the period from 2015 up to mid-2021.
After give attention to static (batch-wise) cell-free artificial membranes for permeability
studies, main emphasis was put on dynamic (chromatographic) biomimetic systems, incl.
immobilized artificial membrane (IAM) chromatography, bio-partitioning micellar
chromatography (BMC) and biomimetic liquid chromatography (BLC) etc. Obviously,
the highly interesting development of smart materials involving nanomaterials in
combination with membrane surrogates is still a vision and not introduced into practice
yet.

Answer: Thank you for all your valuable comments. We fully agree with you thatthe
introduction of new materials incorporating artificial membranes is still on the beginning
and only few authors tried to prepare novel stationary phases or compounds to improve
the in vivo data prediction. However, in our opinion, these novel materials could led to a
new dawn in the preparation of biomimetic phases and techniques to improve the data
obtained by in vitro technologies.

Special comments

The authors should check and correct numbering of sections. After section 1.2.1. (line
204 on page 9) the section 2.2.2. (line 312 on page 18) follows.

Answer: During the building the pdf file, the numbering of paragraphs was not
continuous and, therefore, it was corrected in the revised manuscript.

Page 8, line 171: Abbreviation '"AMI' should be used (not AIM).
Answer: The typo has been corrected in the revised manuscript.

Table 1, page 12: Cited reference '37' is from year 2014. It interferes with covered period
(2015-2021) as was stated by the authors on line 47 on page 2.

Answer: It is true that the reference 37 is of October 2014. However, we think that the
modification of the stationary phase with sphingomyelin is an interesting alternative that
should be included in the table for inspiring potential practitioners.



Page 13, Table 1, second column: 'drugs’ should be spelled with a capital letter (Drugs).
Page 15, Table 1, second column: Correct 'Psychopharmaca’ (not: Psychopharmacs').
Page 18, line 317: | suppose it should be 'adsorbed' (not: 'absorbed").

Page 24, lines 389, and 390: Please correct 'MEKC' (not: MECK").

Page 25, line 409: | suppose the authors mean 'HSA' (not: 'HAS").

Page 27, line 457 and page 28, line 486: Please correct 'BMEKC' (not: 'BMECK").

Page 29, line 519: Correct journal abbreviation is 'J. Membr. Sci.". It should be corrected.

Answer: All these typos have been corrected in the revised manuscript.



Highlights

Highlights:

-Membrane surrogates in analytical science

-Role of static and dynamic systems in bioavailability assays

-Overview of parallel artificial membrane permeability assays

-Overview of immobilized artificial membrane chromatography, biopartitioning

micellar chromatography and biomimetic liquid chromatography

-Trends and selected applications reported in the literature since 2015
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Abstract

Artificial membranes for investigation of the human absorption (oral, dermal or
respiratory) of target organic compounds {bieavaHabiity) are aimed at mimicking the
interactions occurring within the lipid membrane. Biomolecules such as proteins are also
integral components of the lipid membranes and play a pivotal role towards

. ability i ) ) - : :
understanding the complex mechanisms of human absorption—(eral—dermal—or

respiratory). In this review, we will differentiate biomimetic platforms based on static
(batchwise) and dynamic modes. In the former, a synthetic membrane placed between
two phases (donor and acceptor) mimics a given biological system to study permeability.
Parallel artificial membrane permeation assays are the most common approaches for
static mode. As to dynamic modes, there is a plethora of bioanalytical techniques such as
immobilized artificial membrane chromatography, biopartitioning  micellar

chromatography or biemimetic-tiguidimmobilized plasma protein chromatography. In

any case, all of the dynamic approaches capitalize upon analytical separation techniques
such as liquid chromatography and the use of the chromatographic factors to predict
permeability and other bioparameters. However, improvements in the fabrication of novel
sorptive materials or the development of innovative techniques/approaches to enhance
the prediction capability of permeability by simulated membranes has been left in the
background. For this reason, this review covers the current state-of-the-art of immobilized
artificial membranes in bioanalytical science with particular focus on new materials and
techniques reported from 2015 to mid-2021. Future perspectives related to the fabrication

of innovative artificial membranes for in vitro bieavatabitity-intestinal absorption studies

have been highlighted so as to encourage fundamental studies in this research area.
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1. Introduction

Human absorption {bieavatability)-refers to a pharmacokinetic process on the basis of
which a given amount of a target compound is able to pass from external sources (oral,
dermal or respiratory) through cell membranes and, therefore, enter into a living organism
[1,2]. For accurate assessment of the human absorption, the variety of potential
interactions between the target species and the cell plasmatic membrane including dipole-
dipole, hydrogen bond donor/acceptor, London, cation-m and electrostatic interactions
need to be thoroughly studied, yet this is a very complex process that is dominated by the
occurrence of different biomolecules: lipids, proteins, and polysaccharides, among others
[3]. In addition, the knowledge of the absorption conditions (pH, temperature, fluid
composition, etc.) is necessary because might affect the lipophilic nature of the target
compound. In this sense, insight into the human compartment from which the target
compound is going to be absorbed is particularly relevant because, for example, the pH
in the gastric fluid (1.0-1.4) differs substantially from that of the plasma (ca. 7.4) or that

of the small intestine (6.5-8.5) [3] and thus the bieavailabitity-intestinal absorption (1A)

of ionizable compounds might be significantly altered.

The pathways for compounds (drugs, nutrients, unwanted Xxenobiotics, etc.) to pass
through the lipidic membrane are severalfold and are deeply discussed in previous
reviews [3,4] as summarized in Fig. 1. Briefly, the absorption processes could be divided
in: (i) passive diffusion in which a net movement of the compound from one side of the
membrane to the other is related to the concentration gradient (Fick’s law) (Fig. 1A). The
partition coefficient (P) in octanol/water eenditions—system is the most common
parameter to prediet-express the lipophilicity of a chemical, and therefore the ability to be
transported by diffusive transport; (ii) protein-mediated transfer that uses membrane
proteins as carriers to generate pathways through the lipid membrane (facilitated

3
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diffusion, see Fig. 1B); (iii) active transport that allows the movement of molecules
against the concentration gradient, polar repulsion, or other resistive forces using
membrane proteins and employing energy (adenosine triphosphate, ATP) (see Fig. 1C);
(iv) endocytosis-facilitated process that consists of the transport of large molecules
(proteins, polysaccharides, etc.) by engulfment of the compound by the cell membrane

itself (see Fig. 1D).
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Fig. 1. Scheme of the different pathways for endogenous and xenobiotic compounds to
pass through the lipid membrane. Passive diffusion (A); facilitated diffusion (B); active

transport (C); endocytosis-facilitated process (D). Created with BioRender.com.

Up to date, a vast amount of the literature is focused on investigating the interactions
between drugs and the lipid membrane and also with membrane proteins in order to
elucidate different biologically-relevant parameters, such as Log Poctiwater (in neutral, PN,
or ionized, D), Log BB (blood-brain), Log Pes (effective intestinal/Jejeunal permeability)
or protein binding, among others, as summarized in recent review articles [3,5,6]. Log
BB is an important parameter that is defined as the logarithm of the ratio of the
concentrations of a target compound in the brain and in the blood under equilibrium
conditions. This bioparameter gives insight into the blood-brain barrier (BBB)

4



96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

118

119

120

permeability. For in vivo measurements, the concentration of the target compound is
analyzed in the brain and blood of a rat previously administrated with the compound [7].
The Log Per is the logarithm of the in vivo human effective permeability of the target
compound in a specific zone of the intestine (duodenum, jejunum or ileum) and can be
calculated by measuring the permeation rate of the target compound during intestinal
perfusion [8]. Although the in vivo approaches are the most accurate methods to predict
bioparameters, the use of in vitro cell-free methodologies exploiting QSAR (quantitative
structure-activity relationship) calculations have attracted the interest of researchers over
the last few years. To this end, artificial biomimetic membranes (ABM) using cell-free
permeation systems [9] in batchwise mode, and immobilized artificial membrane (IAM)
chromatography, biopartitioning micellar chromatography (BMC) and bierimetic-Hguid

chromatography-(BLC)immobilized plasma protein chromatography (IPPC) in dynamic

mode have emerged as appealing in vitro counterparts. With respect to ABM methods,
the parallel artificial membrane permeability assay (PAMPA) is commonly reported in
the literature, although other alternatives, such as the phospholipid vesicle-based
permeation assay (PVPA), and the Permeapad® and the artificial membrane insert (AMI)
systems are worth mentioning [10]. In the original PAMPA, egg lecithin containing a
mixture of phospholipids (phosphatidyl choline, PC; phosphatidylethanolamine, PE;
phosphatidylinositol, PI) as major cell membrane components, dissolved in n-dodecane,
is employed to mimic the lipid membrane of eukaryote cells [11]. For this purpose, a
polyvinylidene fluoride (PVDF) filter is soaked in the lipid solution and placed between
two liquids, the donor phase and the acceptor phase until reaching steady state. However,
this ABM method underestimates the fraction of target species absorbed due to the
absence of other key interactions occurring in biological systems. Therefore, dynamic

variants that are focused on separation techniques, mainly chromatography, namely,
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IAM, BMC and BLCG-IPPC are gaining momentum [11]. In short, lipid monolayers based
on phospholipids are in IAM chromatography covalently linked to silica or monolithic
stationary phases. The retention factors of target compounds using IAM columns in liquid
chromatography are related to bioparameters [3]. In BMC, micellar pseudostationary
phases mimicking the liposome structure are adopted [12]. BLS-IPPC measures the
binding of target species with proteins in the blood stream or membrane surfaces using
stationary phases containing immobilized human serum albumin (HSA) or alpha-1-acid

glycoprotein (AGP) [5], respectively.

This review is aimed at critically assessing in vitro chromatographic and static methods
mimicking biological membranes (lipid bilayers) that have been recently resorted to the
prediction of bioparameters, with emphasis on innovations of chromatographic materials

and biorelevant cell surrogates, and their possibilities to act as predictors of the

bioavattabiity-1A of drugs and pollutants.

2. Cell-free artificial membranes for permeability studies

2.1. Static (batchwise) systems: Artificial biomimetic membranes

As indicated above, PAMPA is the most common ABM cell-free methodology to explore
the in vitro permeability/bioavatabitity—1A of drugs and contaminants in the human
organism. A scheme of PAMPA is shown in Fig. 2. The simplicity of the procedure and
the flexibility for incorporating varied lipid bilayers, including real and synthetic
membranes, have made it a very attractive alternative to researchers. Readers are referred
to comprehensive articles on the trends in PAMPA methodologies exploring distinct
membranes and/or using chemometrics to build suitable models [9,13,14]. In most cases,

the literature studies are focused on the prediction of pharmacokinetic parameters and



studying the permeability of varied targets through biomembrane surrogates [15-18].

145
146  Nevertheless, PAMPA-related synthetic membranes have been limited so far to PVDF
147  supports coated with varied phospholipid constituents and oil membranes for
148  gastrointestinal absorption, BBB and skin [10,13]. On the other hand, other ABM
149  methodologies have been proposed to obtain more representative models of the human
150  barrier, such as PVPA, Permeapad® and AMI systems [10], as explained below.
Multiwell filter plate
| | / Acceptor
[
r/’/
Multiwell receiver plate /’f“ E
‘ ,*'/ 2
S
| | [ | B ,"/ .g
\ L ”“‘; E
“‘f/ Substance :
‘ /ﬁ //'/ Time
““"’j// (ficati fth § 9
LU UL Y ™ e accepior and donnor phases
151
152 Fig. 2. Scheme of the PAMPA procedure and magnification of the passive diffusion of
153  targets through lipid bilayers. Created with BioRender.com.
154  PVPA is an ABM approach that consists of incubating a liposome-laden filter support
155  that will act as a barrier mimicking the phospholipid bilayer of the intestinal cell
156  membrane [19,20]. By changing the membrane composition other specific human organs
157  could be easily simulated [21]. Recently, the incorporation of the mucus layer has been
158  introduced as an interesting alternative to standard PVPA [22-24]. This modification
159  relies on the fact that the mucus layer is the first barrier that the targets will need to cross
160  for absorption through epithelial tissues and is mimicking all mucosal surfaces in the
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human body. For example, Calvo-Lerma et al. [25] combined mucus-PVPA with the in
vitro intestinal lipolysis model, which simulates physiological gastrointestinal conditions,
to study nutrient hydrolysis. In this case, the authors evaluate the permeation in vivo
(measured as the so-called area under the curve) of fenofibrate in self-nanoemulsifying
drug delivery systems. In this combined system, the amount of drug solubilized over time
during lipolysis did not correlate with the in vivo absorption (R? < 0.4). However, the
permeated amount using the mucus-PVPA methodology after lipolysis did have a strong
correlation with the in vivo data (R? = 0.995) while the mucus-PVPA permeation in the
absence of lipolysis was also well correlated with in vivo permeation (R? = 0.926). The
main conclusion of this work is that the use of mucus-PVPA in combination with

gastrointestinal fluids might offer better simulation of the human absorption conditions.

Permeapad® is another AHM-AMI based on the use of PC immobilized between two
barriers so as to avoid leaking. The PC forms lipid crystals which in the presence of water
swell and build a tightly packed layer of spheroids with lipid bilayers intercalated with
water layers as cellular membrane surrogates. Generally, Permeapad® is used in
combination with 96-well plate, disks for side-by-side chambers or Franz diffusion cells
[10]. Generally, Permeapad® is aimed at evaluating drug permeability [26-28] but no
innovation regarding the membrane surrogate has been performed since the first
Permeapad® model launched in 2015 [29]. Only modifications concerning the increase
of the interfacial area-to-donor-volume-ratio [30] have been reported for improving the
correlation with rat bieavatlabitity-1A against those obtained with traditional permeation

systems (side-by-side systems and Caco-2-cell membranes).

AMls are (phospho)lipid-free permeation systems consisting of a regenerated cellulose
membrane barrier with a given molecular mass cut-off that is placed between two plastic

rings [31]. For example, a reasonable correlation was observed for poorly water-soluble
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drugs dissolved in simulated/human intestinal fluids against the standard Caco-2
absorption system [32]. Also, AMI can be modified with a mucus layer for a better
simulation of physiological conditions [33]. In brief, AMI is a cost-effective high-
throughput approach to investigate passive permeation. Yet, innovations concerning AMI

are still to come.

Another in vitro testing assay commonly adopted in pharmacological applications for
mimicking passive bieavaHability-1A is the so-called Franz-cell system [34]. Here, the
donor and receptor compartments are separated by the animal model membrane with the
stratum corneum facing the donor compartment. Franz-cell permeation systems however
are prone to low-reproducibility, changing of the cell model is required depending on the
release kinetics, and the use of the instrument is not user-friendly compared to PAMPA
systems. In the literature, the main applicability of Franz-cell devices relates to skin
permeation, rather than gastrointestinal/BBB transfer. In order to avoid ethical issues
associated to excised human or animal skin, replacement of those by synthetic membranes

such as Strat-M™ have been proposed as an interesting alternative [35].
2.2. Dynamic biomimetic systems
2.2.1. Immobilized artificial membrane (IAM) chromatography

Notwithstanding the quest of biorelevant analytical methods for better in vitro prediction
of bioparameters, and the vast amount of research published in the IAM field (see Table
1 for an account of chromatographic systems, experimental data and in vitro
bioavaitlabiity-|A parameters), innovative aspects have hardly been ever considered since
the launching of the commercial IAM.PC.DD2 and IAM.PC.MG columns based on

immobilized PC [36].
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Usually efforts have been directed to merely apply these commercial columns with
standard separation methodologies to the prediction of bioparameters based on
chromatographic data vis-a-vis experimental values including the BBB permeability (Log
BB), intestine absorption values (Peff), percentage of human oral absorption (%HOA),
and in vitro absorption or permeability (Pm) using the Madin-Darby kidney (MDCK) cell
line [37-51]. Another interesting parameter estimated with commercial 1AM
chromatographic columns is the octanol/water partition coefficient for non-ionizable
compounds (Pow) or for ionizable compounds (D). Also, permeability data estimated
from PAMPA can be likewise obtained via IAM chromatographic columns [38,42,44—
46,48,50,52]. Although the retention factor (k) obtained from 1AM columns is the most
common chromatographic variable for estimation of bioparameters, other experimental
IAM data such as CHI-IAM (chromatographic hydrophobicity index, [53]) and ALog k
(residual error of the prediction of Log k using Log P or Log D) are also used. CHI is
calculated from the inverse linear relationship obtained by plotting log k versus the
acetonitrile concentration in the mobile phase and is defined as the quotient of the
intercept (Log kw, the logarithm of the retention factor with a mobile phase of 100% of
water or aqueous buffer) and the slope (the smaller the slope the greater is the reversed-
phase type interaction with the 1AM sorbent). Some authors use Log kw instead Log k
from IAM to predict bioparameters, although more experimental data is still necessary.
In addition, ALog K is calculated as the difference between the experimental and the
predicted Log k from IAM. For this purpose, the experimental Log k is plotted against
Log P or Log D for a set of compounds, and then the predicted log k is obtained from the
correlation equation. Usually, the greater the ALog k the lower is the log P (or D) because
the weaker is the interaction of the given compound with the chromatographic column

and thus the prediction is less accurate.
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In IAM, a mathematical model usually based on partial least-squares is built for a set of
compounds utilizing a given experimental parameter from the chromatographic system,
i.e., log k, CHI or ALog k but including other molecule properties if necessary (i.e., log
P, ionization effect, number of polar groups or polar surface area, among others) against

in vivo data as illustrated in Eq. 1.

Bp=a+bP!+cP?+dP3... Eq. (1)
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Table 1. Review of published literature using IAM chromatography for prediction of bioparameters and study of interactions with phospholipid membrane

published from 2015 up to 2021.

Column? Analytes Mobile phase  Comparison Comments Reference
Technique with
IAM PC.DD2 Preparation of a sphingomyelin-based column to
(c, p, pkc) MeOH/DPBS compare with the commercials IAM PC.DD2 and a
Drugs HPLC-UV Log BB cholesterol-based column  (Cosmosil cholester). [37]
Sphingo-IAM Similar predictive performance was obtained for all the
(s, p, pkc) columns and not improvement for the combined data.
Poly(GMA- MeOH/DPBSCcH Preparation of a Soybean PC column by covalently
co- Organic acids, lidocaine, and capillary LC- Loa %AIRI attachment on monolithic phase thought the phosphate [54]
EDMA)@PC sulfanilamide priary 9 group for capillary LC. The results showed good
uv ! . . .
(s, m, fs) relationships to predict the bioparameters selected.
P:(:}’é’gﬁ';c):' Ammonium A phosphocholine methacrylate derivative have been
(s, m, fs) acetate Between synthetized and copolymerized with a crosslinker to
S Proteins and basic drugs buffer/ACN obtain a novel monolithic stationary phase. Good [55]
them . . .
nanoLC and correlations with commercial IAM PC.DD2 column
IAM PC.DD2 -
HPLC-UV was registered.
(c, p, pke)
IAECM PC'ECI)DZ Lo P The selected commercial columns were used to predict
PP Acidic, basic and zwitterionic PBS 9 Flow the analytes’ Log Pesf Values showing no relation using
LogD - [38]
drugs HPLC-UV the retention factors. However, better results were
IAM PC-MG Log Pes ; . .
obtained considering the polar and electrostatic forces.
(c, p, pke)
o : G
IAEZA PC'kDC 1)32 Neuzt\:\?ilft:filcc)jrl]?(,: Z?ﬁ'csand IZEE/CAS\N/ /Ii)oHOE)A Retention indices on the commercial column were used [44]
PP g MD}gCeII to predict different parameters of 22 drugs, including

12



lines the human oral absorption. The results showed a
Log Pest limited prediction ability.
IAM PC.DD2 LogBB  Alog k""" was used to predict the BBB passage and the
(c kc)
PP Druas PBS/ACN PAMPA-  present study demonstrates the soundness of this [45]
IAM PC-MG Drgs HPLC-UV BBB parameter to predict it. In addition, it showed superior
(. p, pke) Log Pow capacity than PAMPA-BBB and Log Pouw
IAM PC.DD2 Alog k"™ were used to predict the intestinal absorption
g p p
(c, p, pkc) PBS Log Pes of drugs with good results. Also, the authors interpret
Drugs HPLC-UV Log Pow that polar/electrostatic forces between drugs and [46]
IAM PC-MG LogD hospholipids play a major role in the passage through
g phospnolipias play J passag g
(c, p, pkc) biomembranes.
1AM PC.DD2
(c, p. pke)
H,O/ACN MCP based on phosphocholine and MDSPC based on
Poly(MDPC- (bothz with 0.1% 11-aminoundecanoic acid a phosphocholine derivative
co-EDMA) Proteins ' Between were used to act as methacrylate monomers in the
) TFA) ; : ; [56]
(s, m, fs) Pharmaceutical compounds nanoL.C and them preparation of monolith stationary phases. Both
HPLC-UV synthetized columns were compared with the
Poly(MSDPC- commercial IAM column showing good correlations.
co-EDMA)
(s, m, fs)
Reais 1AM The commercial IAM column was used in combination
Fagst Mini AAB/MeOH with MS to predict the BBB passage obtaining solid
Screening (¢ Drugs HPLC-UV and Log BB statistics. Although, the common DPBS solvent was [47]
b pkcg) ! TOF-MS substituted by an AAB buffer, the predictive power was

similar.

13



253 molecules, including few organic compounds apart
from drugs were used to study the IAM commercial

IAM PC.DD2 Drugs AAB/ACN MP|§:N||<P£|| column to predict passive permeability obtained by [48]1
(c, p, pkc) Organic compounds HPLC-UV I PAMPA and MDCK systems. The combination of
ines - .
IAM data with polar surface area led to satisfactory
predictions.
L IAM commercial column was used to stablish
og BB v AL ’ >
Skin and rglatlonshlps between in vitro toxic activity of
IAM PC.MG Bisphenols PBS/CAN Corneal bisphenols and phospholipophility obtained by [49]
(c, p, pkc) P HPLC-UV - retention on 1AM column. The results showed good
permeability - - - :
. correlations where more interaction with the
Cell toxicity . -
phospholipid means more toxicity.
Log Pomw
Pm The manuscript is focused on the use of IAM retention
IAM PC.DD2  Penetrating and no-penetrating PBS/ACN Plasma factors, PPB and permeability to predict the BBB. The [50]
(c, p, pkc) BB compounds HPLC-UV protein results showed that more than one parameter is
binding necessary to obtain reasonable predictions.
Log BB
Phospholipophility obtained by retention factor on the
IAM PC.DD2 Perfluorinated alkylated AAB/ACN Cellular IAM commercial column was used to predict the [51]
(c, p, pkc) substances UPLC-MS/MS  accumulation cellular accumulation in different cell types showing
high correlations.
The chromatographic data was used to derive estimated
IAM PC.DD2 Pentides AAB/ACN Loa BB in vivo distribution, drug efficiency, brain tissue [39]
(c, p, pkc) P HPLC-UV 9 binding, fraction unbound in brain and plasma, brain to

plasma ratio and cell partition.

14



242

243
244
245
246
247
248

IAM PC.DD2 IAM stationary phases were used to obtain correlations

(€. p. pke) . H.O/ACN Cell-based  between cell permeability literature data. Both
Flavonoids HPLC-UV bili i hases showed ble perf [40]
IAM PC-MG - permeability ftatlor&aré p azses”s owe bg:)_{npara e performance
owards Caco-2 cell permeability.
(c. p. pke) P Y
Gradient reverse elution was used to develop a linear
IAM PC.DD2 PsychepharmaesPsychopharmaca PBS/ACN Log BB correlation between 1AM column retentions and Log [41]
(c, p, pke) HPLC-UV :
BB showing extremely good results for eleven drugs.
The potential of 1AM to predict ecotoxicological
IAM PC-MG Pesticides PBS/CAN LCso endpoints of 39 pesticides was evaluated. 1AM 157]
(c, p, pkc) HPLC-UV LDso retention factors showed promising predictions respect
to the ecotoxicological risk
PBSO\I/imgstc)):ﬁLns 40 mM HEPES Log BB A novel in vitro method based on the use of liposomes
P Drugs PAMPA- in capillary electrochromatography was used to predict [42]
CEC-UV BBB in vivo data Log BB and cell permeability.
(s, fs, fs) '
Study of lipophilicity using an IAM column for beyond
IAM PC.DD2 Bevond rule of 5 molecules AAB/ACN p rule of 5 molecules. In addition, the obtained results [43]
(c, p, pke) 4 uv m were used to check the relationship with solid
permeability.

's: synthetized; c: commercial; s/c: synthetized based on a commercial column; m: monolith; p: particles; fs: fused silica; pkc: packed column

Abbreviations: Glycidyl methacrylate (GMA); Ethylene glycol dimethacrylate (EDMA); Phosphatidyl choline (PC); Methanol (MeOH); AAB: Ammonium acetate buffer;
Dulbecco’s Phosphate buffer saline (DPBS); Acetonitrile (ACN); 12-methacryloyl dodecylphosphocholine (MDPC); Chromatographic hydrophobicity index (CHI); Jejenum
absorption values (Log Peff) 1-dodecanoyl-2-(11-methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine (MDSPC); Thrombin (THR); Time of flight mass spectrometry
(TOF-MS); Ammonium bicarbonate buffer (ABB); human oral absorption (%HOA); Madin-Darby canine kidney (MDCK); Parallel artificial membrane permeability assays
(PAMPA); Blood-brain-barrier (BBB); Sorption affinity into a phospholipid membrane (Kpuipw); Plasma protein binding (PPB); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-diacyl-sn-glycero-3-phospho-I-serine (PS).
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In this equation, the in vivo bioparameter (Bp) is explained by a constant (a) and a series
of parameters (P", where n is the number of the parameter) multiplied by its slope (b, c,
d, etc.). Once built, the model is applied to target analytes for estimation of the in vitro
bieavaHabHity-1A parameter (Bpestimated) Of every analyte. Good correlations between Bp
estimated @Nd in vivo BP are then sought for validation and acceptance of the model.
Practically all the papers in the literature focused on corroborating the utility of IAM
columns for pharmaceutical drugs and drug development [43], with correlations (R?) of
Log k from 1AM against in vivo/ex vivo parameters using real biological membranes
usually ranging between 0.7 and 0.8. Novel bioparameters that are proven to be
appropriately estimated in vitro by IAM include cellular accumulation (predicted by CHI-
IAM) [51], cell toxicity using Log k [49] and ecotoxicological risks using a model, which
includes log k from 1AM chromatographic data and other physicochemical and molecular
descriptors such as hydrogen bond donor/acceptor properties, among others [57]. In the
case of ALog Kk, an inverse relationship (negative slope) against with the selected
bioparameter is sought because high ALog k (i.e., high residuals) usually stands for a
weak interaction of the compound with the biomimetic system (and expected with real

membranes) while low ALog k (low prediction error) is obtained for compounds with a

high-sorbent interplay, and thus with potential high bieavaHability-1Aand-abserbability.

It should be noted that compounds other than drugs have been scarcely studied by IAM,
yet some environmental pollutants such as alkylbenzenes, polycyclic aromatic
hydrocarbons (PAHS), bisphenols and perfluorinated alkylated substances (PFAS) have
been targeted to [49,51,58]. In our opinion, the use of bioinspired stationary phases to
estimate cellular accumulation PFAS is a promising approach in human exposomic
studies [51]. Literature results showed that the cellular accumulation is highly dependent

upon lipid binding expressed as CHI-IAM at pH 7.4 [59]. If other parameters, such as
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Log D at pH 7.4 and Log P are added to CHI obtained by 1AM, according to Eq. 1, the

predictive results are greatly improved.

Trends in the 1AM field are focused on the synthesis and testing of novel stationary phases
with a variety anchored phospholipids [37,58] or the fabrication of methacrylate-based
chromatographic monoliths for microscale separation by using chemically modified

phospholipids with vinyl moieties to undergo UV/thermal copolymerization (Fig. 3) [54—

56].
H.Cs_ _CH b T
:j\/ ? e H,C—CH=HH,C—C e
HaC )\

07 > NH \_-CHs 0Z >N 07 o
CH, ! CH; I
| (HyC)yg_O | (HyC)yp O
(HyC)yo o (H:C)yo
())\() 2 3 AIBN, Isopropanol ())\() 9 O O
Cyclohexanol
9 0520 (I" HiC” CH;
():}I)-—()' I ()=1|>—()'
o H,C CH, o

| |
(CH; ) EDMA (CH,),

! |
H;C—N'-CH, HiC—N'-CH,
CH; CHj;
MDSPC poly(MDSPC-co-EDMA) monolith

Fig. 3. Schematic diagram of the preparation of a polymer containing a modified
phospholipid with vinyl groups. MDSPC: 1-dodecanoyl-2-(11-
methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine and EDMA:

ethyleneglycoldimethacrylate. Reproduced with permission of Elsevier [56].

Special attention deserves the IAM monolith column proposed by Moravcova et al. [54].
In this case, the PC was uniquely anchored through the phosphate group to the column
surface, thus changing the common biomolecule orientation in IAM columns, for which
the alkyl chains are usually bounded to the column surface. Similar correlations against
in vivo parameters than those reported for with commercial columns were obtained for

the studied analytes (dye, amines, anti-inflammatory, antibacterial, antifungal, analgesics,
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and bronchodilator drugs), although no direct comparison with commercial columns was
performed. However, the chemical procedure for binding of PC through the polar
moieties seems not straightforward as compared to the facile fabrication protocols of
commercial IAM.PC.DD2 and IAM.PC.MG columns. Table 1 shows that phospholipid
monomers have been employed in all IAM dynamic approaches to generate a planar lipid
monolayer onto material surfaces in the attempt to simulate membrane interactions with
xenobiotics. Nevertheless, membranes of eukaryotic cells are constituted by phospholipid
bilayers in a spherical/ellipsoidal shape, which are far from being mimicked with the
monolayers used to date. To tackle this issue, Godyn et al. [42] proposed an elegant
solution by coating silica capillaries with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1,2-diacyl-sn-glycero-3-phospho-I-serine (PS)-based
liposomes as lipid membrane surrogates to allow for electrostatic and Van der Waals
interactions with the target species. However, the experimental correlations with 1AM
data (Log k) vs Log BB and Log Pe (in vivo) were quite poor (R? = 0.426 and 0.374,

respectively).

In the design of IAM methods, researchers need to incorporate runs within a certain range

of pH according to the pH gradient of the gastrointestinal tract (2.0-8.0) to account for

potential variations across the retention factor of the target compounds [44,60]. In

addition, a common practice is to analyse only one analyte at a time by HPLC with

UV/Vis detection under isocratic conditions employing low % of organic phase. Because

the separation is performed under non-ideal chromatographic conditions, but appropriate

to trigger membrane interactions, poor peak resolution is commonly observed, and thus

multicomponent analysis are usually not feasible. In this sense, the use of mass

spectrometry detection offers the opportunity to detect several compounds

simultaneously. Nevertheless, attention should be paid to the HPLC conditions to avoid
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incompatible buffers with mass spectrometry, such as PBS, and select compatible eluents

that could potentially mimic physiological conditions.

2.2.2 Biopartitioning micellar chromatography

Biopartitioning micellar chromatography (BMC) was proposed by Escuder-Gilabert et
al. in 2004 [61]. BMC can be described as a chromatographic method in which the mobile
phase is composed by a surfactant system (commonly Brij35, non-ionic surfactant with
hydroxyl moieties) over its critical micellar concentration, with the surplus of monomers
being abserbed-adsorbed onto the C18/C8 bed of a reversed-phase column to create a

C18/C8-surfactant bilayer. The double equilibria generated between the compound(s) and

the micelles (acting as pseudostationary phases) and the stationary phase surface bilayer

(surfactant +C18/C8 chains) that mimics both the polar and hydrophobic regions of the

lipid membranes are expected to simulate closely those interactions occurring in in vivo
oral absorption of drugs, BBB penetration or intestinal absorption permeability, among
other processes [62]. However, BMC, apart from poor column efficiency and the weak
solvent strength of micellar eluents, only capitalizes upon passive diffusion and therefore

if other underlying mechanisms are involved (e.g. via paracellular route or active

transport), large deviations can be observed;. Therefore, BMC, in some instances,- only

can provide a limited insight into the actual drug absorption in humans and biota. A
selection of the most interesting publications and estimated bioparameters using BMC

within the time span of 2015-mid 2021 are summarized in Table 2.

C18 reversed-phase columns have been the common choice of stationary phases [62—64]
because the C18 chains foster interactions by Van der Waals forces with the alkyl chains
of the surfactant monomers generating the bespoke surface bilayer. However, some

authors recommended alternative stationary phases, such as cyanopropyl [65] or
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aminopropyl [66] attempting to obtain more polar surfaces for low-retained analytes in
C18 columns. For example, De Vrieze et al. [67] combined a classical C18 column with
synthetized miltefosine which was used as a surfactant in BMC for a better mimicry of
biological membranes than those obtained by other surfactant counterparts to predict HIA
and log BB values. In that work, for example, PLS was used to predict Log BB using the

Log k obtained from BMC and other molecular descriptors as shown in Eq. (2)

Log BB =-2.669 + 0.234 x Log k + 0.699 x 0 —0.048 x P — 0.002 x WS7.4+ 0.009 x PB

+0.034 x HIA-0.017 x PSA + 0.167 x HBA Eqg. (2)
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350 Table 2. Review of published literature using BMC technique for prediction of bioparameters published from 2015 up to 2021.
Column? Analytes M_ﬁek::'rl]ifqhufe Comv\rl)iz;llzlson Comments Reference
Brii35 in A two-dimensional liquid chromatography method was developed using a
C18 FJ’BS BMC separation in first dimension and C18 reversed phase in the second
Drugs LC50 dimension to study the identification, bioactivity and toxicity of drugs [63]
(slc, p, pkc) HPLC-UV with a time-saving and low-cost system. The second dimension improve
the weak separation ability of BMC.
M;Itjggzlge Loa BB A synthesized surfactant (miltefosine) that mimics better the biological
C18 Druas sglution 9 layers has been used for BMC. The retention factors in combination with 67]
(c, p, pkc) g HIA other descriptors were used to develop models to predict Log BB and HIA
TOF-MS and the correlation coefficients were between 0.37 and 0.88.
c8 PC and SDS The use of microemulsions in presence of mixed micelles and oil has been
D used to mimic the biomembrane. The system showed better correlations
rugs Log D for log D than other IAM chromatograpy. However, the authors did not [68]
(c. p. pke) HPLC-UV grapy. However,
use the system to predict other bioparameters.
Cyanopropyl NaDC
ycolupmnpy aqueous Alternative BMC system using bile salts have been used to predict
Drugs solution HIA intestine permeability expressed as HIA for pharmaceutical compounds [65]
obtaining r? between 0.75 and 0.86.
(c, p, pke)
HPLC-UV
c18 Structurall a SJZOSUS Partial least square method was used to predict BBB using retention
unrelatedy sglution Loq BB factors of BMC and other topological and physicochemical parameters. [64]
(slc ke) analytes g The results showed high correlations (r? = 0.83). Also, when IAM
PP HPLC-UV columns were used (r* = 0.78).
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351

352
353

354

Ex%e?r:g-a()j(ls IRS/a-Ars Brg—gg in BMC retention factors were used to estimate the BBB permeability of
druas ' Log BB different drugs. The correlations of BMC showed higher correlation [62]
(. p, pke) g HPLC-UV factors (r? = 0.77) than common reversed-phase (r? = 0.58).
NaDC . -
APS aqUeoUs In this study the predl_ctlon of HIA_ was extended to more cqmpounds
- thanks to the incorporation of an aminopropyl column. The micelle-water
Drugs solution HIA o fici lcul . ith oth ; [66]
(. p, pke) partition coefficients were calculated and combined with other descriptors
e HPLC-UV and used to predict HIA showing correlations (r?) in the range 0.72-0.85.
Brii35. Tris Biopartitioning micellar electrokinetic chromatography (BMEKC) as
- andJ HéPES alternative to common BMC was used to estimate the BBB of drug
Drugs Log BB candidates. The proposed methodology showed similar correlation [69]
(cfs, -, fs) HPLC-UV coefficients (r> = 0.73) compared to that found on conventional BMC (r? =
0.75)

1's: synthetized; c: commercial; s/c: synthetized based on a commercial column; m: monolith; p: particles; fs: fused silica; pk c: packed column

Abbreviations: Human intestinal absorption (HIA), sodium deoxycholate (NaDC), B-hydroxy-B-arylalkanoic acids (HAA), Quantitative Structure-Retention Relationship
(QSRR), imidazoline/a-adrenergic receptor (IRs/a-ARs), anionic sodium dodecyl sulfate (SDS), reversed- phase aminopropyl column (APS)
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in which o is the total molar charge at pH 7.4, P is the polarizability, WS7.4 is the aqueous
solubility at pH 7.4, PB is the plasma protein binding, HIA is the human intestinal
absorption, PSA is the polar surface area and HBA is the hydrogen bond acceptor capacity
for every target compound. The authors investigated 36 drugs, and good correlation
coefficients for predicted log BB against in vivo log BB were obtained (R? > 0.72), yet
not only chromatographic and physicochemical parameters from the literature but in vivo
data such as HIA were needed to build a reliable model. The relevance of this work is the
usage of a phosphocholine-based surfactant as a model of cell membrane because
phospholipids cannot be used as reliable surfactants because of solubility issues.
However, as can be seen by the reported results, the intricate interactions in live
organisms cannot be explained merely by the underlying passive diffusion in BMC, even
with phosphocholine-based surfactants. Other authors proposed hybrid micelles of PC
and sodium dodecyl sulfate (SDS) in the presence of an organic phase (mixture of n-
butanol and ethyl acetate) that are aimed at predicting biomimetic parameters by
microemulsion  liquid  chromatography (MELC) [68]. The three-phase
(microemulsion/water/column) model (Fig. 4) features better prediction of Log D than
that obtained by IAM chromatography. Notwithstanding the fact that the authors
suggested that permeability descriptors can be appropriately described with MELC
(determined by principal components analysis), potential correlations between in vivo and

MELC data were regrettably not investigated.
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Fig. 4. Schematic representation of proposed MELC interphase using C8 stationary
phase and a microemulsion constituted by PC (white circles), SDS (black circles) and
an oil. The target compound is represented in grey color. Reproduced with permission

of Elsevier [68].

In another work, Waters et al. [65] exploited sodium deoxycholate (bile salt) and the
reversed phase cyanopropyl column to predict HIA for various drugs (R? = 0.75-0.86). In
the same way, Shokry et al. [66] selected the same bile salt in combination with an
aminopropyl column to study a larger number of compounds with contrasting behaviors
related to the affinity to the micelle based on hydrophilic/lipophilic interactions. The
micelle-water partition coefficients were calculated and showed that antibinding
compounds (to the micelle) have better retention onto the stationary phase with the
increase of surfactant concentration while non-binding compounds do not show alteration
of their retention times with changes in micelle concentration. The partition coefficients,
in combination with other descriptors such as molar volume and aqueous solubility, were
used to predict HIA with relatively good results against in vivo HIA (R? = 0.72-0.85).
However, the two columns described in this paragraph showed similar correlations

against in vivo HIA for an alike pool of drugs thus demonstrating that both micelle
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systems in combination with reversed-phase stationary phases bearing polar moieties are

biorelevant.

In our opinion, BMC has made tremendous strides recently to leverage its main

advantages: (i) simultaneous simulation of a number of pharmacokinetic parameters with

a single measurement, (ii) data robustness, (iii) low cost, (iv) green credentials, and (v)

flexibility in the selection of the stationary phase and surfactants. However, gradient

conditions are herein excluded, with the consequent increase of the analysis time under

isocratic conditions [70]. BMCané-its fundamentals have been also incorporated in other

separation techniques, such as micellar electrokinetic chromatography (MEKC). In this
electroseparation technique, the pseudo-stationary phase added to the background
electrolyte consists of an aqueous surfactant solution. In fact, MEGK-MEKC and BMC
can be synergistically combined in the so-called biomimetic MECK—MEKC
(BMECKBMEKC) in which the electrophoretic conditions simulate the interaction
between analytes and biological membranes [69]. The BMEKC system proposed by
Ciura et al. [69] provides a similar correlation coefficient than that reported by BMC
methods for in vitro BBB evaluation (R?> = 0.73 against in vivo BBB) but with
significantly lower consumption of reagents thus coping with green analytical chemistry

principles.

2.2.3 Biemimetic—liguid——chromatographylmmobilized  plasma __ protein

chromatography

BLCG-IPPC is a chromatographic technique capitalizing upon the measurement of protein
binding throughout the cell membrane or the bloodstream using stationary phases
modified with proteins such as human serum albumin (HSA) or alpha-1-acid glycoprotein

(AGP) [5] among others. The interaction of the target compounds with proteins is an
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important bioparameter inasmuch as their pharmacodynamic behaviors, cell permeation
and drug-drug interactions might be significantly altered. Up to the date, CHIRALPACK
HSA and its counterpart of AGP have been the common stationary phases to measure the
protein binding for different analytes such as drugs [39,71], BBB and non-BBB
penetrating compounds [50], phytoestrogens [72] and bisphenol analogues [73]. In these
cases, the majority of the works reported binding values or their comparison with Log P.
However, Valko et al. [71] elegantly attempted to estimate the steady state volume of
distribution (Vass) of target drugs, which is a key parameter for setting drug doses, by
using log k from HAS-HSA column (related to the binding protein value) and also from
IAM column (membrane permeation) to predict the in vivo Vgss, although low correlations
were observed between in vivo and chromatographic data (R? = 0.56-0.66). Therefore,
some authors proposed new column materials to measure protein binding values in vitro.
As an example, Ma et al. [74] fabricated a frontal silica-based affinity chromatographic
column with hierarchical mesopores and penetrable macropores containing covalently
attached BSA by Schiff base. The columns enabled the enantioseparation of D/L
tryptophan and the frontal affinity chromatographic analysis of imatinib mesylate and
demonstrated that there is a single type of binding between the analyte(s) and BSA. The
authors signaled that these columns will open new avenues for the measurement of the
protein-drug interaction of low-to-moderate retained analytes in other chromatographic
materials. In another interesting example, Liang et. al. [75] immobilized angiotensin 11
type | receptor (AT1R) to probe antihypertensive compounds. For this purpose, the AT1R
was expressed using E. coli and after cell lysate, the protein was immobilized onto 6-
chlorocaproic acid-activated amino polystyrene microspheres. The as-prepared columns
were used for elucidating drug-receptor binding kinetics and thermodynamic parameters.

The authors expanded the use of the AT1R columns for the identification of puerarin and
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rosmarinic acid as antihypertensive compounds in natural products although both species

are far away from the requirements of a drug candidate. In short, IPCC has been mostly

linked to the use of the common HSA and AGP columns, which are readily available.

However, it is necessary to prepare novel phases that offer better interaction profiles to

obtain a deeper understanding of the involved processes in biological systems. In fact,

there is a guest of novel IPCC columns containing other proteins, such as globulins,

phosphoproteins, lipoproteins and/or C-reactive protein to account for a broad range of

analyte-protein interactions. In addition, the synergetic combination of various proteins

in a single material may contribute to unveil the underlying mechanisms in IA processes.

2.2.4 Miscellaneous biomimetic systems

Apart from standard biomimetic structures encompassing PC, proteins, and surfactant
micelles as artificial membranes, other biorelevant systems have been used to elucidate
the complex interactions occurring between the target compounds and the lipid
membrane. For example, Stephen et al. [76] harnessed cellular membrane affinity
chromatography (CMAC) which consists of the immobilization of cell membrane
fragments with fully functional transmembrane proteins onto IAM stationary phases. The
early usage of these stationary phases was limited to the binding characteristics of
immobilized transmembrane proteins. However, as demonstrated in that work, CMAC
can be expanded to the identification of pharmacologically active metabolites from
natural products. In any case, CMAC columns do not serve as universal tool in drug
discovery but do speed up the process of target identification. The bioanalytical and
pharmacological potential of these columns is still in its infancy, but we do expect the

upward trend of CMAC in BLEG-IPPC and |AM to continue in the foreseeable future.
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Notwithstanding the fact that liquid chromatography has been by far the separation
technique of choice for resembling biological processes in vitro, other dynamic
techniques such as supercritical fluid chromatography (SFC) [77] and thin-layer
chromatography (TLC) [78] have been also adopted to predict bioparameters, namely,
permeation through BBB. For example, Russo et al. [77] used SFC to estimate the PSA
of target compounds, and in combination with other parameters (viz, IAM retention
factor, water accessible surface and number of aliphatic carboxylic acids and
phenol/enol/carboxyl/hydroxy groups, see eq. 1) succeeded in predicting Log BB of
sixty-nine acid, base, neutral and amphoteric substances with good correlations with in
vivo Log BB data (R? = 0.81). Log BB can be also predicted using the chromatographic
data (Rf) obtained from a reversed-phase C18 TLC separation [78]. In addition, the
combination of Rf with PSA was suggested as a universal predictor of brain absorption
on the basis of excellent correlations with in vivo BB data (R? = 0.9). In summary,
different separation systems, including SFC, TLC and the aforementioned BMECK [69]
can be harnessed to the prediction of Log BB, which thus is not exclusively dependent on

in vitro data by high performance liquid chromatography.
3. Conclusion and outlook

In this review, the state-of-the-art of artificial membranes in (bio)analytical applications
has been critically dissected. The research developments since 2015 up to mid-2021 in
terms of material science have been rather limited and the majority of the publications
continue employing standard/customary methodologies (e.g. PVDF coated supports) or
commercial systems (e.g. IAM.PC.DD2 column). In the case of static artificial
membranes, trends are focused on the combination of mucus layers with PVPA systems
[22] and gastrointestinal fluids that led to high correlations with in vivo data. On the other
hand, some innovative methods have been reported in dynamic modes (IAM
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chromatography, BMC and BLCIPPC) aimed at ameliorating bieavaHability-1A results.
For example, novel materials for IAM chromatography have been prepared by surface
attached phospholipids [54]. The idea behind is to improve the in vivo/in vitro correlations
of bioavailability values obtained with commercial columns with-usualy-R?<0.85-The
incorporation of novel choline-based surfactants [67] and dedicated surfactants such as
bile salts [65] have been the most interesting trends in BMC to improve bieavailability
1A predictions. Nevertheless, the passive diffusion through the lipid membrane mimicked
by AIM and BMC is not sufficient to simulate the intricate interactions occurring in cell
membranes during the absorption of compounds. For this reason, BES-IPPC can be used
to simulate other membrane-target interactions such as protein binding using columns
with immobilized AGP. However, other proteins such as AT1PR has been attached to the
stationary phase [75] which demonstrates the fact that BLS-IPPC is not only limited to
standard membrane/serum proteins but other specific interactions with_other proteins and

biomolecules can be explored.

To shed light into the complex phenomena of bieavaitabHitylA, interest has grown on
alternative techniques such as CMAC which uses cell membrane fragments [76],
BMECK [69], MELC [68], SFC [77] and TLC [78] to leverage the possibilities offered
by liquid chromatographic methods. To the best of our knowledge, most of the studies
dealing with artificial membranes focused on the absorption of pharmaceutical
compounds, yet the bioavailabiity-1A of legacy and emerging contaminants has been

scarcely studied.

Our vision is that the development of hybrid/smart materials involving monoliths,
nanomaterials, metal organic frameworks and/or 3D printed templates in combination

with biomolecules or membrane surrogates is expected to open new avenues for
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mimicking the human absorption/bieavailabitity-1A of targets on account of the plethora

of interaction mechanisms available that resemble those of the eukaryote cell membranes.
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Figure Captions

Fig. 1. Scheme of the different pathways for endogenous and xenobiotic compounds to
pass through the lipid membrane. Passive diffusion (A); facilitated diffusion (B); active

transport (C); endocytosis-facilitated process (D). Created with BioRender.com.

Fig. 2. Scheme of the PAMPA procedure and magnification of the passive diffusion of

targets through lipid bilayers. Created with BioRender.com.
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Fig. 3. Schematic diagram of the preparation of a polymer containing a modified
phospholipid with vinyl groups. MDSPC: 1-dodecanoyl-2-(11-
methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine and EDMA:

ethyleneglycoldimethacrylate. Reproduced with permission of Elsevier [56].

Fig. 4. Schematic representation of proposed MELC interphase using C8 stationary phase
and a microemulsion constituted by PC (white circles), SDS (black circles) and an oil.
The target compound is represented in grey color. Reproduced with permission of

Elsevier [68].
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Abstract

Artificial membranes for investigation of the human absorption (oral, dermal or
respiratory) of target organic compounds are aimed at mimicking the interactions
occurring within the lipid membrane. Biomolecules such as proteins are also integral
components of the lipid membranes and play a pivotal role towards understanding the
complex mechanisms of human absorption. In this review, we will differentiate
biomimetic platforms based on static (batchwise) and dynamic modes. In the former, a
synthetic membrane placed between two phases (donor and acceptor) mimics a given
biological system to study permeability. Parallel artificial membrane permeation assays
are the most common approaches for static mode. As to dynamic modes, there is a
plethora of bioanalytical techniques such as immobilized artificial membrane
chromatography, biopartitioning micellar chromatography or immobilized plasma
protein chromatography. In any case, all of the dynamic approaches capitalize upon
analytical separation techniques such as liquid chromatography and the use of the
chromatographic factors to predict permeability and other bioparameters. However,
improvements in the fabrication of novel sorptive materials or the development of
innovative techniques/approaches to enhance the prediction capability of permeability by
simulated membranes has been left in the background. For this reason, this review covers
the current state-of-the-art of immobilized artificial membranes in bioanalytical science
with particular focus on new materials and techniques reported from 2015 to mid-2021.
Future perspectives related to the fabrication of innovative artificial membranes for in
vitro intestinal absorption studies have been highlighted so as to encourage fundamental

studies in this research area.
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1. Introduction

Human absorption refers to a pharmacokinetic process on the basis of which a given
amount of a target compound is able to pass from external sources (oral, dermal or
respiratory) through cell membranes and, therefore, enter into a living organism [1,2]. For
accurate assessment of the human absorption, the variety of potential interactions between
the target species and the cell plasmatic membrane including dipole-dipole, hydrogen
bond donor/acceptor, London, cation-t and electrostatic interactions need to be
thoroughly studied, yet this is a very complex process that is dominated by the occurrence
of different biomolecules: lipids, proteins, and polysaccharides, among others [3]. In
addition, the knowledge of the absorption conditions (pH, temperature, fluid composition,
etc.) is necessary because might affect the lipophilic nature of the target compound. In
this sense, insight into the human compartment from which the target compound is going
to be absorbed is particularly relevant because, for example, the pH in the gastric fluid
(1.0-1.4) differs substantially from that of the plasma (ca. 7.4) or that of the small intestine
(6.5-8.5) [3] and thus the intestinal absorption (1A) of ionizable compounds might be

significantly altered.

The pathways for compounds (drugs, nutrients, unwanted xenobiotics, etc.) to pass
through the lipidic membrane are severalfold and are deeply discussed in previous
reviews [3,4] as summarized in Fig. 1. Briefly, the absorption processes could be divided
in: (i) passive diffusion in which a net movement of the compound from one side of the
membrane to the other is related to the concentration gradient (Fick’s law) (Fig. 1A). The
partition coefficient (P) in octanol/water system is the most common parameter to express
the lipophilicity of a chemical, and therefore the ability to be transported by diffusive
transport; (ii) protein-mediated transfer that uses membrane proteins as carriers to
generate pathways through the lipid membrane (facilitated diffusion, see Fig. 1B); (iii)

3
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active transport that allows the movement of molecules against the concentration
gradient, polar repulsion, or other resistive forces using membrane proteins and
employing energy (adenosine triphosphate, ATP) (see Fig. 1C); (iv) endocytosis-
facilitated process that consists of the transport of large molecules (proteins,

polysaccharides, etc.) by engulfment of the compound by the cell membrane itself (see

Fig. 1D).
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Fig. 1. Scheme of the different pathways for endogenous and xenobiotic compounds to
pass through the lipid membrane. Passive diffusion (A); facilitated diffusion (B); active

transport (C); endocytosis-facilitated process (D). Created with BioRender.com.

Up to date, a vast amount of the literature is focused on investigating the interactions
between drugs and the lipid membrane and also with membrane proteins in order to
elucidate different biologically-relevant parameters, such as Log Pocuwater (in neutral, PN,
or ionized, D), Log BB (blood-brain), Log Pess (effective intestinal/Jejeunal permeability)
or protein binding, among others, as summarized in recent review articles [3,5,6]. Log
BB is an important parameter that is defined as the logarithm of the ratio of the
concentrations of a target compound in the brain and in the blood under equilibrium
conditions. This bioparameter gives insight into the blood-brain barrier (BBB)

4
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permeability. For in vivo measurements, the concentration of the target compound is
analyzed in the brain and blood of a rat previously administrated with the compound [7].
The Log Pes is the logarithm of the in vivo human effective permeability of the target
compound in a specific zone of the intestine (duodenum, jejunum or ileum) and can be
calculated by measuring the permeation rate of the target compound during intestinal
perfusion [8]. Although the in vivo approaches are the most accurate methods to predict
bioparameters, the use of in vitro cell-free methodologies exploiting QSAR (quantitative
structure-activity relationship) calculations have attracted the interest of researchers over
the last few years. To this end, artificial biomimetic membranes (ABM) using cell-free
permeation systems [9] in batchwise mode, and immobilized artificial membrane (IAM)
chromatography, biopartitioning micellar chromatography (BMC) and immobilized
plasma protein chromatography (IPPC) in dynamic mode have emerged as appealing in
vitro counterparts. With respect to ABM methods, the parallel artificial membrane
permeability assay (PAMPA) is commonly reported in the literature, although other
alternatives, such as the phospholipid vesicle-based permeation assay (PVPA), and the
Permeapad® and the artificial membrane insert (AMI) systems are worth mentioning
[10]. In the original PAMPA, egg lecithin containing a mixture of phospholipids
(phosphatidyl choline, PC; phosphatidylethanolamine, PE; phosphatidylinositol, PI) as
major cell membrane components, dissolved in n-dodecane, is employed to mimic the
lipid membrane of eukaryote cells [11]. For this purpose, a polyvinylidene fluoride
(PVDF) filter is soaked in the lipid solution and placed between two liquids, the donor
phase and the acceptor phase until reaching steady state. However, this ABM method
underestimates the fraction of target species absorbed due to the absence of other key
interactions occurring in biological systems. Therefore, dynamic variants that are focused

on separation techniques, mainly chromatography, namely, IAM, BMC and IPPC are
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gaining momentum [11]. In short, lipid monolayers based on phospholipids are in IAM
chromatography covalently linked to silica or monolithic stationary phases. The retention
factors of target compounds using IAM columns in liquid chromatography are related to
bioparameters [3]. In BMC, micellar pseudostationary phases mimicking the liposome
structure are adopted [12]. IPPC measures the binding of target species with proteins in
the blood stream or membrane surfaces using stationary phases containing immobilized

human serum albumin (HSA) or alpha-1-acid glycoprotein (AGP) [5], respectively.

This review is aimed at critically assessing in vitro chromatographic and static methods
mimicking biological membranes (lipid bilayers) that have been recently resorted to the
prediction of bioparameters, with emphasis on innovations of chromatographic materials
and biorelevant cell surrogates, and their possibilities to act as predictors of the IA of

drugs and pollutants.

2. Cell-free artificial membranes for permeability studies

2.1. Static (batchwise) systems: Artificial biomimetic membranes

As indicated above, PAMPA is the most common ABM cell-free methodology to explore
the in vitro permeability/IA of drugs and contaminants in the human organism. A scheme
of PAMPA is shown in Fig. 2. The simplicity of the procedure and the flexibility for
incorporating varied lipid bilayers, including real and synthetic membranes, have made it
a very attractive alternative to researchers. Readers are referred to comprehensive articles
on the trends in PAMPA methodologies exploring distinct membranes and/or using
chemometrics to build suitable models [9,13,14]. In most cases, the literature studies are
focused on the prediction of pharmacokinetic parameters and studying the permeability

of varied targets through biomembrane surrogates [15-18]. Nevertheless, PAMPA-
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related synthetic membranes have been limited so far to PVDF supports coated with
varied phospholipid constituents and oil membranes for gastrointestinal absorption, BBB
and skin [10,13]. On the other hand, other ABM methodologies have been proposed to
obtain more representative models of the human barrier, such as PVPA, Permeapad® and

AMI systems [10], as explained below.

Multiwell filter plate

Acceptor

Donor

Passive diffusion

Substance

Time

Quantification of the target(s) in
Several hours the acceptor and donnor phases

Fig. 2. Scheme of the PAMPA procedure and magnification of the passive diffusion of

targets through lipid bilayers. Created with BioRender.com.

PVPA is an ABM approach that consists of incubating a liposome-laden filter support
that will act as a barrier mimicking the phospholipid bilayer of the intestinal cell
membrane [19,20]. By changing the membrane composition other specific human organs
could be easily simulated [21]. Recently, the incorporation of the mucus layer has been
introduced as an interesting alternative to standard PVPA [22-24]. This modification
relies on the fact that the mucus layer is the first barrier that the targets will need to cross
for absorption through epithelial tissues and is mimicking all mucosal surfaces in the
human body. For example, Calvo-Lerma et al. [25] combined mucus-PVPA with the in
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vitro intestinal lipolysis model, which simulates physiological gastrointestinal conditions,
to study nutrient hydrolysis. In this case, the authors evaluate the permeation in vivo
(measured as the so-called area under the curve) of fenofibrate in self-nanoemulsifying
drug delivery systems. In this combined system, the amount of drug solubilized over time
during lipolysis did not correlate with the in vivo absorption (R? < 0.4). However, the
permeated amount using the mucus-PVPA methodology after lipolysis did have a strong
correlation with the in vivo data (R? = 0.995) while the mucus-PVPA permeation in the
absence of lipolysis was also well correlated with in vivo permeation (R? = 0.926). The
main conclusion of this work is that the use of mucus-PVPA in combination with

gastrointestinal fluids might offer better simulation of the human absorption conditions.

Permeapad® is another AMI based on the use of PC immobilized between two barriers
so as to avoid leaking. The PC forms lipid crystals which in the presence of water swell
and build a tightly packed layer of spheroids with lipid bilayers intercalated with water
layers as cellular membrane surrogates. Generally, Permeapad® is used in combination
with 96-well plate, disks for side-by-side chambers or Franz diffusion cells [10].
Generally, Permeapad® is aimed at evaluating drug permeability [26-28] but no
innovation regarding the membrane surrogate has been performed since the first
Permeapad® model launched in 2015 [29]. Only modifications concerning the increase
of the interfacial area-to-donor-volume-ratio [30] have been reported for improving the
correlation with rat IA against those obtained with traditional permeation systems (side-

by-side systems and Caco-2-cell membranes).

AMIs are (phospho)lipid-free permeation systems consisting of a regenerated cellulose
membrane barrier with a given molecular mass cut-off that is placed between two plastic
rings [31]. For example, a reasonable correlation was observed for poorly water-soluble

drugs dissolved in simulated/human intestinal fluids against the standard Caco-2
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absorption system [32]. Also, AMI can be modified with a mucus layer for a better
simulation of physiological conditions [33]. In brief, AMI is a cost-effective high-
throughput approach to investigate passive permeation. Yet, innovations concerning AMI

are still to come.

Another in vitro testing assay commonly adopted in pharmacological applications for
mimicking passive IA is the so-called Franz-cell system [34]. Here, the donor and
receptor compartments are separated by the animal model membrane with the stratum
corneum facing the donor compartment. Franz-cell permeation systems however are
prone to low-reproducibility, changing of the cell model is required depending on the
release Kinetics, and the use of the instrument is not user-friendly compared to PAMPA
systems. In the literature, the main applicability of Franz-cell devices relates to skin
permeation, rather than gastrointestinal/BBB transfer. In order to avoid ethical issues
associated to excised human or animal skin, replacement of those by synthetic membranes

such as Strat-M™ have been proposed as an interesting alternative [35].

2.2. Dynamic biomimetic systems
2.2.1. Immobilized artificial membrane (IAM) chromatography

Notwithstanding the quest of biorelevant analytical methods for better in vitro prediction
of bioparameters, and the vast amount of research published in the IAM field (see Table
1 for an account of chromatographic systems, experimental data and in vitro 1A
parameters), innovative aspects have hardly been ever considered since the launching of

the commercial IAM.PC.DD2 and IAM.PC.MG columns based on immobilized PC [36].

Usually efforts have been directed to merely apply these commercial columns with

standard separation methodologies to the prediction of bioparameters based on
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chromatographic data vis-a-vis experimental values including the BBB permeability (Log
BB), intestine absorption values (Peff), percentage of human oral absorption (%HOA),
and in vitro absorption or permeability (Pm) using the Madin-Darby kidney (MDCK) cell
line [37-51]. Another interesting parameter estimated with commercial 1AM
chromatographic columns is the octanol/water partition coefficient for non-ionizable
compounds (Pow) or for ionizable compounds (D). Also, permeability data estimated
from PAMPA can be likewise obtained via IAM chromatographic columns [38,42,44—
46,48,50,52]. Although the retention factor (k) obtained from 1AM columns is the most
common chromatographic variable for estimation of bioparameters, other experimental
IAM data such as CHI-IAM (chromatographic hydrophobicity index, [53]) and ALog k
(residual error of the prediction of Log k using Log P or Log D) are also used. CHI is
calculated from the inverse linear relationship obtained by plotting log k versus the
acetonitrile concentration in the mobile phase and is defined as the quotient of the
intercept (Log kw, the logarithm of the retention factor with a mobile phase of 100% of
water or aqueous buffer) and the slope (the smaller the slope the greater is the reversed-
phase type interaction with the IAM sorbent). Some authors use Log kw instead Log k
from 1AM to predict bioparameters, although more experimental data is still necessary.
In addition, ALog k is calculated as the difference between the experimental and the
predicted Log k from IAM. For this purpose, the experimental Log k is plotted against
Log P or Log D for a set of compounds, and then the predicted log k is obtained from the
correlation equation. Usually, the greater the ALog k the lower is the log P (or D) because
the weaker is the interaction of the given compound with the chromatographic column

and thus the prediction is less accurate.

In 1AM, a mathematical model usually based on partial least-squares is built for a set of

compounds utilizing a given experimental parameter from the chromatographic system,

10
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237

I.e., log k, CHI or ALog k but including other molecule properties if necessary (i.e., log

P, ionization effect, number of polar groups or polar surface area, among others) against

in vivo data as illustrated in Eq. 1.

Bp=a+bP!+cP?+dP3...

Eqg. (1)
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238  Table 1. Review of published literature using IAM chromatography for prediction of bioparameters and study of interactions with phospholipid membrane
239  published from 2015 up to 2021.
Columnt Analytes M.ﬁel?:'rlﬁ]?qhufe Comv\[;)ietlalson Comments Reference
IAM PC.DD2 Preparation of a sphingomyelin-based column to compare with
(c, p, pkc) MeOH/DPBS the commercials IAM PC.DD2 and a cholesterol-based column
Drugs HPLC-UV Log BB (Cosmosil cholester). Similar predictive performance was [37]
Sphingo-1AM obtained for all the columns and not improvement for the
(s, p, pke) combined data.
L .. Preparation of a Soybean PC column by covalently attachment
Poly(GMA-co C_)rgan!c acids, MeOH/DPBScH on monolithic phase thought the phosphate group for capillary
EDMA)@PC lidocaine, and . Log %AIRI . ; - [54]
o capillary LC-UV LC. The results showed good relationships to predict the
(s, m, fs) sulfanilamide .
bioparameters selected.
Poly(MDPC-co- Ammonium
EDMA) acetate A phosphocholine methacrylate derivative have been
(s, m, fs) Proteins and basic buffer/ACN Between them synthetized and copolymerized with a crosslinker to obtain a [55]
drugs nanol.C and novel monolithic stationary phase. Good correlations with
IAM PC.DD2 HPLC-UV commercial IAM PC.DD2 column was registered.
(c, p, pke)
IAE'(\:/I PC'I%)Z Log P The selected commercial columns were used to predict the
PP Acidic, basic and PBS Lg E’)’W analytes’ Log Per vValues showing no relation using the retention [38]
IAM PC-MG zwitterionic drugs HPLC-UV Lo gP factors. However, better results were obtained considering the
g Feft polar and electrostatic forces.
(¢, p. pke)
Neutral, acidic, 0 Retention indices on the commercial column were used to
IAM PC.DD2 basic and PBS/ACN HHOA predict different parameters of 22 drugs, including the human [44]
(c, p, pkc) Lo HPLC-UV Log D : = I -
zwitterionic drugs MDK Cell oral absorption. The results showed a limited prediction ability.

12



lines

Log Pes
IA(';/I PC'kDC I)DZ Lod BB Alog ky'*™ was used to predict the BBB passage and the present
PP Druas PBS/ACN P AMFgA—BBB study demonstrates the soundness of this parameter to predict it. [45]
g HPLC-UV _ In addition, it showed superior capacity than PAMPA-BBB and
IAM PC-MG LogPow | oo Py
(¢, p, pke) 9 o
IAE';/I PC'EC I)DZ Log P Alog k"™ were used to predict the intestinal absorption of drugs
PP Druas PBS LogPeﬁ with good results. Also, the authors interpret that [46]
g HPLC-UV 9 Fow polar/electrostatic forces between drugs and phospholipids play
IAM PC-MG Log D X ) .
a major role in the passage through biomembranes.
(c, p, pke)
IAM PC.DD2
(¢, p. pke)
Poly(MDPC-co- H,O/ACN MCP based on phosphocholine and MDSPC based on 11-
yEDM A) Proteins (both with 0.1% aminoundecanoic acid a phosphocholine derivative were used to
Pharmaceutical TFA) Between them act as methacrylate monomers in the preparation of monolith [56]
(s, m, fs) . .
compounds nanoLC and stationary phases. Both synthetized columns were compared
Poly(MSDPC-co- HPLC-UV with the commercial IAM column showing good correlations.
EDMA)
(s, m, fs)
. The commercial IAM column was used in combination with MS
Re-gl_s IAM East AAB/MeOH to predict the BBB passage obtaining solid statistics. Although,
Mini Screening Drugs HPLC-UV and Log BB h DPBS sol bstituted b AAB buff [47]
(©. p. pkc) TOE-MS the common solvent was substituted by an uffer,

the predictive power was similar.




253 molecules, including few organic compounds apart from

Drugs PAMPA drugs were used to study the IAM commercial column to predict
IAE';/I PC'kDC 1)32 Organic mEéASCI MDCK cell  passive permeability obtained by PAMPA and MDCK systems. [48]
PP compounds lines The combination of IAM data with polar surface area led to
satisfactory predictions.
Log BB IAM commercial column was used to stablish relationships
Skin and between in vitro toxic activity of bisphenols and
IAM PC.MG Bisphenols PBS/CAN Corneal phospholipophility obtained by retention on 1AM column. The [49]
(c, p, pkc) HPLC-UV - ! X . ;
permeability  results showed good correlations where more interaction with
Cell toxicity  the phospholipid means more toxicity.
LOg PO/W
Penetrating and Pm The manuscript is focused on the use of IAM retention factors,
IAM PC.DD2 9c PBS/ACN Plasma PPB and permeability to predict the BBB. The results showed
no-penetrating , - : [50]
(c, p, pkc) HPLC-UV protein that more than one parameter is necessary to obtain reasonable
BB compounds - "
binding predictions.
Log BB
Perfluorinated Phospholipophility obtained by retention factor on the 1AM
|AM PC.DD2 alkylated AABIACN Cellular_ commercial column was used to predict the cellular [51]
(c, p, pkc) UPLC-MS/MS accumulation . L . ;
substances accumulation in different cell types showing high correlations.
The chromatographic data was used to derive estimated in vivo
IAM PC.DD2 Peptides AAB/ACN Loa BB distribution, drug efficiency, brain tissue binding, fraction [39]
(c, p, pkc) P HPLC-UV g unbound in brain and plasma, brain to plasma ratio and cell
partition.
IAM PC.DD2 . H.O/ACN Cell-based
(c, p, pkc) Flavonoids HPLC-UV permeability [40]

14



240

241
242
243
244
245
246

IAM stationary phases were used to obtain correlations between

|A(\(|:v| PCI('\C/I)G cell permeability literature data. Both stationary phases showed
PP comparable performance towards Caco-2 cell permeability.
Gradient reverse elution was used to develop a linear correlation
IA(';/I PC'kDC I)DZ Psychopharmaca ::EE/(':AS\N/ Log BB between IAM column retentions and Log BB showing extremely [41]
PP good results for eleven drugs.
i The potential of IAM to predict ecotoxicological endpoints of 39
IA(‘LVI PCkl\C/;G Pesticides EEE/(?G\N/ ::850 pesticides was evaluated. 1AM retention factors showed [57]
PP %0 promising predictions respect to the ecotoxicological risk
BO\I/imgSgrrﬁg; PS 40 mM HEPES Loq BB A novel in vitro method based on the use of liposomes in
P Drugs CEC-UV P AMFgA—BBB capillary electrochromatography was used to predict in vivo data [42]
(s, fs, fs) Log BB and cell permeability.
Study of lipophilicity using an IAM column for beyond rule of
IAEI(\:/I E%IS: 5)2 Bey;zfegtlli:f > AA%/C CN Pm 5 molecules. In addition, the obtained results were used to check [43]

the relationship with solid permeability.

!'s: synthetized; c: commercial; s/c: synthetized based on a commercial column; m: monolith; p: particles; fs: fused silica; pkc: packed column

Abbreviations: Glycidyl methacrylate (GMA); Ethylene glycol dimethacrylate (EDMA); Phosphatidyl choline (PC); Methanol (MeOH); AAB: Ammonium acetate buffer;
Dulbecco’s Phosphate buffer saline (DPBS); Acetonitrile (ACN); 12-methacryloyl dodecylphosphocholine (MDPC); Chromatographic hydrophobicity index (CHI); Jejenum
absorption values (Log Perf) 1-dodecanoyl-2-(11-methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine (MDSPC); Thrombin (THR); Time of flight mass spectrometry
(TOF-MS); Ammonium bicarbonate buffer (ABB); human oral absorption (%HOA); Madin-Darby canine kidney (MDCK); Parallel artificial membrane permeability assays
(PAMPA); Blood-brain-barrier (BBB); Sorption affinity into a phospholipid membrane (KeLipw); Plasma protein binding (PPB); 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-diacyl-sn-glycero-3-phospho-I-serine (PS).
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In this equation, the in vivo bioparameter (Bp) is explained by a constant (a) and a series
of parameters (P", where n is the number of the parameter) multiplied by its slope (b, c,
d, etc.). Once built, the model is applied to target analytes for estimation of the in vitro
IA parameter (Bpestimated) OF €very analyte. Good correlations between Bp estimated @and in
vivo BP are then sought for validation and acceptance of the model. Practically all the
papers in the literature focused on corroborating the utility of 1AM columns for
pharmaceutical drugs and drug development [43], with correlations (R?) of Log k from
IAM against in vivo/ex vivo parameters using real biological membranes usually ranging
between 0.7 and 0.8. Novel bioparameters that are proven to be appropriately estimated
in vitro by IAM include cellular accumulation (predicted by CHI-1IAM) [51], cell toxicity
using Log k [49] and ecotoxicological risks using a model, which includes log k from
IAM chromatographic data and other physicochemical and molecular descriptors such as
hydrogen bond donor/acceptor properties, among others [57]. In the case of ALog k, an
inverse relationship (negative slope) against with the selected bioparameter is sought
because high ALog k (i.e., high residuals) usually stands for a weak interaction of the
compound with the biomimetic system (and expected with real membranes) while low
ALog k (low prediction error) is obtained for compounds with a high-sorbent interplay,

and thus with potential high 1A.

It should be noted that compounds other than drugs have been scarcely studied by 1AM,
yet some environmental pollutants such as alkylbenzenes, polycyclic aromatic
hydrocarbons (PAHSs), bisphenols and perfluorinated alkylated substances (PFAS) have
been targeted to [49,51,58]. In our opinion, the use of bioinspired stationary phases to
estimate cellular accumulation PFAS is a promising approach in human exposomic
studies [51]. Literature results showed that the cellular accumulation is highly dependent

upon lipid binding expressed as CHI-IAM at pH 7.4 [59]. If other parameters, such as
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Log D at pH 7.4 and Log P are added to CHI obtained by 1AM, according to Eq. 1, the

predictive results are greatly improved.

Trends in the IAM field are focused on the synthesis and testing of novel stationary phases
with a variety anchored phospholipids [37,58] or the fabrication of methacrylate-based
chromatographic monoliths for microscale separation by using chemically modified
phospholipids with vinyl moieties to undergo UV/thermal copolymerization (Fig. 3) [54—
56].
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cH CH,
ww{vn:c—c}mfn:c;lc\‘ﬁ
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CH;y
(”:C))U

|
| (”:C)l,;.((-,

HaC_CHs 07 >NH ©
CH; I

) I (H,C)yp O

('”:C,)]U f

O O

())\( ) = =S¢ AIBN. Isopropanol _ ())\() 0 O O
Cyclohexanol

§ O AP )i H,c” CH,

():lll—()' I ()=ll’—()'
? Hy,C” SCH, 0
(CHz), EDMA (CH,),
' |

H;C—I?I‘—CH} H;C—N"-CH,
CH; CHj;
MDSPC poly(MDSPC-co-EDMA) monolith

Fig. 3. Schematic diagram of the preparation of a polymer containing a modified

phospholipid with vinyl groups. MDSPC: 1-dodecanoyl-2-(11-

methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine and EDMA:

ethyleneglycoldimethacrylate. Reproduced with permission of Elsevier [56].

Special attention deserves the IAM monolith column proposed by Moravcova et al. [54].
In this case, the PC was uniquely anchored through the phosphate group to the column
surface, thus changing the common biomolecule orientation in IAM columns, for which
the alkyl chains are usually bounded to the column surface. Similar correlations against
in vivo parameters than those reported for with commercial columns were obtained for

the studied analytes (dye, amines, anti-inflammatory, antibacterial, antifungal, analgesics,
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and bronchodilator drugs), although no direct comparison with commercial columns was
performed. However, the chemical procedure for binding of PC through the polar
moieties seems not straightforward as compared to the facile fabrication protocols of
commercial IAM.PC.DD2 and IAM.PC.MG columns. Table 1 shows that phospholipid
monomers have been employed in all IAM dynamic approaches to generate a planar lipid
monolayer onto material surfaces in the attempt to simulate membrane interactions with
xenobiotics. Nevertheless, membranes of eukaryotic cells are constituted by phospholipid
bilayers in a spherical/ellipsoidal shape, which are far from being mimicked with the
monolayers used to date. To tackle this issue, Godyn et al. [42] proposed an elegant
solution by coating silica capillaries with 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) and 1,2-diacyl-sn-glycero-3-phospho-I-serine  (PS)-based
liposomes as lipid membrane surrogates to allow for electrostatic and Van der Waals
interactions with the target species. However, the experimental correlations with 1AM
data (Log k) vs Log BB and Log P. (in vivo) were quite poor (R? = 0.426 and 0.374,

respectively).

In the design of IAM methods, researchers need to incorporate runs within a certain range
of pH according to the pH gradient of the gastrointestinal tract (2.0-8.0) to account for
potential variations across the retention factor of the target compounds [44,60]. In
addition, a common practice is to analyse only one analyte at a time by HPLC with
UV/Vis detection under isocratic conditions employing low % of organic phase. Because
the separation is performed under non-ideal chromatographic conditions, but appropriate
to trigger membrane interactions, poor peak resolution is commonly observed, and thus
multicomponent analysis are usually not feasible. In this sense, the use of mass
spectrometry detection offers the opportunity to detect several compounds

simultaneously. Nevertheless, attention should be paid to the HPLC conditions to avoid

18



315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

338

incompatible buffers with mass spectrometry, such as PBS, and select compatible eluents

that could potentially mimic physiological conditions.

2.2.2 Biopartitioning micellar chromatography

Biopartitioning micellar chromatography (BMC) was proposed by Escuder-Gilabert et
al. in 2004 [61]. BMC can be described as a chromatographic method in which the mobile
phase is composed by a surfactant system (commonly Brij35, non-ionic surfactant with
hydroxyl moieties) over its critical micellar concentration, with the surplus of monomers
being adsorbed onto the C18/C8 bed of a reversed-phase column to create a C18/C8-
surfactant bilayer. The double equilibria generated between the compound(s) and the
micelles (acting as pseudostationary phases) and the stationary phase surface bilayer
(surfactant +C18/C8 chains) that mimics both the polar and hydrophobic regions of the
lipid membranes are expected to simulate closely those interactions occurring in in vivo
oral absorption of drugs, BBB penetration or intestinal absorption permeability, among
other processes [62]. However, BMC, apart from poor column efficiency and the weak
solvent strength of micellar eluents, only capitalizes upon passive diffusion and therefore
if other underlying mechanisms are involved (e.g. via paracellular route or active
transport), large deviations can be observed. Therefore, BMC, in some instances, only
can provide a limited insight into the actual drug absorption in humans and biota. A
selection of the most interesting publications and estimated bioparameters using BMC

within the time span of 2015-mid 2021 are summarized in Table 2.

C18 reversed-phase columns have been the common choice of stationary phases [62—64]
because the C18 chains foster interactions by Van der Waals forces with the alkyl chains

of the surfactant monomers generating the bespoke surface bilayer. However, some
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authors recommended alternative stationary phases, such as cyanopropyl [65] or
aminopropyl [66] attempting to obtain more polar surfaces for low-retained analytes in
C18 columns. For example, De Vrieze et al. [67] combined a classical C18 column with
synthetized miltefosine which was used as a surfactant in BMC for a better mimicry of
biological membranes than those obtained by other surfactant counterparts to predict HIA
and log BB values. In that work, for example, PLS was used to predict Log BB using the

Log k obtained from BMC and other molecular descriptors as shown in Eq. (2)

Log BB =-2.669 + 0.234 x Log k + 0.699 x o —0.048 x P — 0.002 x WS7.4+ 0.009 x PB

+0.034 x HIA - 0.017 x PSA + 0.167 x HBA Eqg. (2)
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349

Columnt Analytes Mobile phase Comp_arlson Comments Reference
Technique with
Brii-35 in A two-dimensional liquid chromatography method was developed using a
C18 IiBS BMC separation in first dimension and C18 reversed phase in the second
Drugs LC50 dimension to study the identification, bioactivity and toxicity of drugs [63]
(s/c, p, pke) with a time-saving and low-cost system. The second dimension improve
HPLC-UV ; .
the weak separation ability of BMC.
M;Itﬁégilge Loa BB A synthesized surfactant (miltefosine) that mimics better the biological
C18 Druas sglution g layers has been used for BMC. The retention factors in combination with [67]
(c, p, pkc) g HIA other descriptors were used to develop models to predict Log BB and HIA
TOE-MS and the correlation coefficients were between 0.37 and 0.88.
8 PC and SDS The use of microemulsions in presence of mixed micelles and oil has been
used to mimic the biomembrane. The system showed better correlations
Drugs Log D . [68]
for log D than other IAM chromatograpy. However, the authors did not
(c, p, pkc) HPLC-UV ; )
use the system to predict other bioparameters.
Cyanopropyl NaDC
ycolupmnpy aqueous Alternative BMC system using bile salts have been used to predict
Drugs solution HIA intestine permeability expressed as HIA for pharmaceutical compounds [65]
obtaining r? between 0.75 and 0.86.
(¢, p, pke) HPLC-UV
C18 Structurall 3 Sugc?us Partial least square method was used to predict BBB using retention
unrelate dy sglution Lod BB factors of BMC and other topological and physicochemical parameters. [64]
g The results showed high correlations (r? = 0.83). Also, when IAM
(s/c, p, pke) analytes 2 —
HPLC-UV columns were used (r* = 0.78).
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350

351
352

353

Ex%eor:ctj]?():(m IRS/6-ArS Brg-BBéS n BI\_/IC retention factors were u_sed to estimate the BB!3 permeabilit_y of
drugs ’ Log BB different drugs. The correlations of BMC showed higher correlation [62]
(©, p, pkc) HPLC-UV factors (r? = 0.77) than common reversed-phase (r> = 0.58).
NaDC . -
APS aqueous In this study the predl_ctlon of HIA was extended to more co_mpounds
Drugs solution HIA thar}k_s to the incorporation of an aminopropyl c_olumn_. The mlcelle-\_/vater [66]
(. p, pkc) partition coefﬁme_nts were calc_ulated and gomblnec_i with other descriptors
T HPLC-UV and used to predict HIA showing correlations (r?) in the range 0.72-0.85.
Brij3s, Tris Biopartit_ioning micellar electrokinetic chromgtography (BMEKC) as
- and HEPES alterr)atlve to common BMC was used to estimate th_e BBB of d_rug
Drugs Log BB candidates. The proposed methodology showed similar correlation [69]
(cfs, -, fs) HPLC-UV coefficients (r> = 0.73) compared to that found on conventional BMC (r? =
0.75)

1's: synthetized; c: commercial; s/c: synthetized based on a commercial column; m: monolith; p: particles; fs: fused silica; pkc: packed column

Abbreviations: Human intestinal absorption (HIA), sodium deoxycholate (NaDC), B-hydroxy-p-arylalkanoic acids (HAA), Quantitative Structure-Retention Relationship
(QSRR), imidazoline/a-adrenergic receptor (IRs/a-ARs), anionic sodium dodecyl sulfate (SDS), reversed- phase aminopropyl column (APS)
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in which a is the total molar charge at pH 7.4, P is the polarizability, WS7.4 is the aqueous
solubility at pH 7.4, PB is the plasma protein binding, HIA is the human intestinal
absorption, PSA is the polar surface area and HBA is the hydrogen bond acceptor capacity
for every target compound. The authors investigated 36 drugs, and good correlation
coefficients for predicted log BB against in vivo log BB were obtained (R? > 0.72), yet
not only chromatographic and physicochemical parameters from the literature but in vivo
data such as HIA were needed to build a reliable model. The relevance of this work is the
usage of a phosphocholine-based surfactant as a model of cell membrane because
phospholipids cannot be used as reliable surfactants because of solubility issues.
However, as can be seen by the reported results, the intricate interactions in live
organisms cannot be explained merely by the underlying passive diffusion in BMC, even
with phosphocholine-based surfactants. Other authors proposed hybrid micelles of PC
and sodium dodecyl sulfate (SDS) in the presence of an organic phase (mixture of n-
butanol and ethyl acetate) that are aimed at predicting biomimetic parameters by
microemulsion  liquid  chromatography  (MELC) [68]. The three-phase
(microemulsion/water/column) model (Fig. 4) features better prediction of Log D than
that obtained by IAM chromatography. Notwithstanding the fact that the authors
suggested that permeability descriptors can be appropriately described with MELC
(determined by principal components analysis), potential correlations between in vivo and

MELC data were regrettably not investigated.
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Fig. 4. Schematic representation of proposed MELC interphase using C8 stationary
phase and a microemulsion constituted by PC (white circles), SDS (black circles) and
an oil. The target compound is represented in grey color. Reproduced with permission

of Elsevier [68].

In another work, Waters et al. [65] exploited sodium deoxycholate (bile salt) and the
reversed phase cyanopropyl column to predict HIA for various drugs (R? = 0.75-0.86). In
the same way, Shokry et al. [66] selected the same bile salt in combination with an
aminopropyl column to study a larger number of compounds with contrasting behaviors
related to the affinity to the micelle based on hydrophilic/lipophilic interactions. The
micelle-water partition coefficients were calculated and showed that antibinding
compounds (to the micelle) have better retention onto the stationary phase with the
increase of surfactant concentration while non-binding compounds do not show alteration
of their retention times with changes in micelle concentration. The partition coefficients,
in combination with other descriptors such as molar volume and aqueous solubility, were
used to predict HIA with relatively good results against in vivo HIA (R? = 0.72-0.85).
However, the two columns described in this paragraph showed similar correlations

against in vivo HIA for an alike pool of drugs thus demonstrating that both micelle
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systems in combination with reversed-phase stationary phases bearing polar moieties are

biorelevant.

In our opinion, BMC has made tremendous strides recently to leverage its main
advantages: (i) simultaneous simulation of a number of pharmacokinetic parameters with
a single measurement, (ii) data robustness, (iii) low cost, (iv) green credentials, and (V)
flexibility in the selection of the stationary phase and surfactants. However, gradient
conditions are herein excluded, with the consequent increase of the analysis time under
isocratic conditions [70]. BMC fundamentals have been also incorporated in other
separation techniques, such as micellar electrokinetic chromatography (MEKC). In this
electroseparation technique, the pseudo-stationary phase added to the background
electrolyte consists of an aqueous surfactant solution. In fact, MEKC and BMC can be
synergistically combined in the so-called biomimetic MEKC (BMEKC) in which the
electrophoretic conditions simulate the interaction between analytes and biological
membranes [69]. The BMEKC system proposed by Ciura et al. [69] provides a similar
correlation coefficient than that reported by BMC methods for in vitro BBB evaluation
(R? = 0.73 against in vivo BBB) but with significantly lower consumption of reagents

thus coping with green analytical chemistry principles.

2.2.3 Immobilized plasma protein chromatography

IPPC is a chromatographic technique capitalizing upon the measurement of protein
binding throughout the cell membrane or the bloodstream using stationary phases
modified with proteins such as human serum albumin (HSA) or alpha-1-acid glycoprotein
(AGP) [5] among others. The interaction of the target compounds with proteins is an

important bioparameter inasmuch as their pharmacodynamic behaviors, cell permeation
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and drug-drug interactions might be significantly altered. Up to the date, CHIRALPACK
HSA and its counterpart of AGP have been the common stationary phases to measure the
protein binding for different analytes such as drugs [39,71], BBB and non-BBB
penetrating compounds [50], phytoestrogens [72] and bisphenol analogues [73]. In these
cases, the majority of the works reported binding values or their comparison with Log P.
However, Valko et al. [71] elegantly attempted to estimate the steady state volume of
distribution (Vass) of target drugs, which is a key parameter for setting drug doses, by
using log k from HSA column (related to the binding protein value) and also from IAM
column (membrane permeation) to predict the in vivo Vgss, although low correlations were
observed between in vivo and chromatographic data (R? = 0.56-0.66). Therefore, some
authors proposed new column materials to measure protein binding values in vitro. As an
example, Ma et al. [74] fabricated a frontal silica-based affinity chromatographic column
with hierarchical mesopores and penetrable macropores containing covalently attached
BSA by Schiff base. The columns enabled the enantioseparation of D/L tryptophan and
the frontal affinity chromatographic analysis of imatinib mesylate and demonstrated that
there is a single type of binding between the analyte(s) and BSA. The authors signaled
that these columns will open new avenues for the measurement of the protein-drug
interaction of low-to-moderate retained analytes in other chromatographic materials. In
another interesting example, Liang et. al. [75] immobilized angiotensin 11 type | receptor
(AT1R) to probe antihypertensive compounds. For this purpose, the AT1R was expressed
using E. coli and after cell lysate, the protein was immobilized onto 6-chlorocaproic acid-
activated amino polystyrene microspheres. The as-prepared columns were used for
elucidating drug-receptor binding kinetics and thermodynamic parameters. The authors
expanded the use of the AT1R columns for the identification of puerarin and rosmarinic

acid as antihypertensive compounds in natural products although both species are far
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away from the requirements of a drug candidate. In short, IPCC has been mostly linked
to the use of the common HSA and AGP columns, which are readily available. However,
it is necessary to prepare novel phases that offer better interaction profiles to obtain a
deeper understanding of the involved processes in biological systems. In fact, there is a
quest of novel IPCC columns containing other proteins, such as globulins,
phosphoproteins, lipoproteins and/or C-reactive protein to account for a broad range of
analyte-protein interactions. In addition, the synergetic combination of various proteins

in a single material may contribute to unveil the underlying mechanisms in 1A processes.

2.2.4 Miscellaneous biomimetic systems

Apart from standard biomimetic structures encompassing PC, proteins, and surfactant
micelles as artificial membranes, other biorelevant systems have been used to elucidate
the complex interactions occurring between the target compounds and the lipid
membrane. For example, Stephen et al. [76] harnessed cellular membrane affinity
chromatography (CMAC) which consists of the immobilization of cell membrane
fragments with fully functional transmembrane proteins onto IAM stationary phases. The
early usage of these stationary phases was limited to the binding characteristics of
immobilized transmembrane proteins. However, as demonstrated in that work, CMAC
can be expanded to the identification of pharmacologically active metabolites from
natural products. In any case, CMAC columns do not serve as universal tool in drug
discovery but do speed up the process of target identification. The bioanalytical and
pharmacological potential of these columns is still in its infancy, but we do expect the

upward trend of CMAC in IPPC and 1AM to continue in the foreseeable future.
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Notwithstanding the fact that liquid chromatography has been by far the separation
technique of choice for resembling biological processes in vitro, other dynamic
techniques such as supercritical fluid chromatography (SFC) [77] and thin-layer
chromatography (TLC) [78] have been also adopted to predict bioparameters, namely,
permeation through BBB. For example, Russo et al. [77] used SFC to estimate the PSA
of target compounds, and in combination with other parameters (viz, IAM retention
factor, water accessible surface and number of aliphatic carboxylic acids and
phenol/enol/carboxyl/hydroxy groups, see eq. 1) succeeded in predicting Log BB of
sixty-nine acid, base, neutral and amphoteric substances with good correlations with in
vivo Log BB data (R? = 0.81). Log BB can be also predicted using the chromatographic
data (Rf) obtained from a reversed-phase C18 TLC separation [78]. In addition, the
combination of Rf with PSA was suggested as a universal predictor of brain absorption
on the basis of excellent correlations with in vivo BB data (R?> = 0.9). In summary,
different separation systems, including SFC, TLC and the aforementioned BMECK [69]
can be harnessed to the prediction of Log BB, which thus is not exclusively dependent on

in vitro data by high performance liquid chromatography.

3. Conclusion and outlook

In this review, the state-of-the-art of artificial membranes in (bio)analytical applications
has been critically dissected. The research developments since 2015 up to mid-2021 in
terms of material science have been rather limited and the majority of the publications
continue employing standard/customary methodologies (e.g. PVDF coated supports) or
commercial systems (e.g. IAM.PC.DD2 column). In the case of static artificial

membranes, trends are focused on the combination of mucus layers with PVPA systems
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[22] and gastrointestinal fluids that led to high correlations with in vivo data. On the other
hand, some innovative methods have been reported in dynamic modes (IAM
chromatography, BMC and IPPC) aimed at ameliorating 1A results. For example, novel
materials for IAM chromatography have been prepared by surface attached phospholipids
[54]. The idea behind is to improve the in vivo/in vitro correlations of bioavailability
values obtained with commercial columns The incorporation of novel choline-based
surfactants [67] and dedicated surfactants such as bile salts [65] have been the most
interesting trends in BMC to improve IA predictions. Nevertheless, the passive diffusion
through the lipid membrane mimicked by AIM and BMC is not sufficient to simulate the
intricate interactions occurring in cell membranes during the absorption of compounds.
For this reason, IPPC can be used to simulate other membrane-target interactions such as
protein binding using columns with immobilized AGP. However, other proteins such as
AT1PR has been attached to the stationary phase [75] which demonstrates the fact that
IPPC is not only limited to standard membrane/serum proteins but other specific

interactions with other proteins and biomolecules can be explored.

To shed light into the complex phenomena of IA, interest has grown on alternative
techniques such as CMAC which uses cell membrane fragments [76], BMECK [69],
MELC [68], SFC [77] and TLC [78] to leverage the possibilities offered by liquid
chromatographic methods. To the best of our knowledge, most of the studies dealing with
artificial membranes focused on the absorption of pharmaceutical compounds, yet the 1A

of legacy and emerging contaminants has been scarcely studied.

Our vision is that the development of hybrid/smart materials involving monoliths,
nanomaterials, metal organic frameworks and/or 3D printed templates in combination

with biomolecules or membrane surrogates is expected to open new avenues for
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mimicking the human absorption/IA of targets on account of the plethora of interaction

mechanisms available that resemble those of the eukaryote cell membranes.
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Figure Captions

Fig. 1. Scheme of the different pathways for endogenous and xenobiotic compounds to

pass through the lipid membrane. Passive diffusion (A); facilitated diffusion (B); active
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transport (C); endocytosis-facilitated process (D). Created with BioRender.com.

Fig. 2. Scheme of the PAMPA procedure and magnification of the passive diffusion of

targets through lipid bilayers. Created with BioRender.com.

Fig. 3. Schematic diagram of the preparation of a polymer containing a modified
phospholipid with vinyl groups. MDSPC: 1-dodecanoyl-2-(11-
methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine and EDMA:

ethyleneglycoldimethacrylate. Reproduced with permission of Elsevier [56].

Fig. 4. Schematic representation of proposed MELC interphase using C8 stationary phase
and a microemulsion constituted by PC (white circles), SDS (black circles) and an oil.
The target compound is represented in grey color. Reproduced with permission of

Elsevier [68].
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Table 1. Overview of representative literature (since 2015 up to mid-2021) using IAM chromatography for prediction of bioparameters and study of

Bioparameters/

Column? Analytes M.Ifjb”e phase Comparison Comments Reference
echnique with
IAM PC.DD2 Preparation of a sphingomyelin-based column and comparison
(c, p, pke) MeOH/DPBS with the commercially available IAM PC.DD2 and a
Drugs HPLC-UV Log BB cholesterol-based column (Cosmosil cholester). Similar [37]
Sphingo-IAM ) predictive performance was obtained for all the columns but
(s, p, pkc) without improvement for the combined data.
Poly(GMA o Organicacids,  MeOH/DPBS « monalthic phase trough the phosphate group for caplary
. - - i 0
EDMA)@PC I|doca[ne, gnd capillary LC Log %AIRI LC. Good correlations were found for the prediction of the [54]
(s, m, fs) sulfanilamide uv :
bioparameters selected.
Poly(MDPC-co- :
A
EDMA) rr;gct):tle}um A phosphocholine methacrylate derivative was synthetized and
(s, m, fs) Proteins and basic buffer/ACN Between copolymerized with a crosslinker to obtain a novel monolithic [55]
drugs columns stationary phase. Good correlations with commercial 1AM
nanoLC and
IAM PC.DD2 HPLC-UV PC.DD2 column were reported.
(c, p, pke)
I'Azl(\:/l [I:C;lzl)DZ Log P The selected commercial columns were used to predict the Log
T Acidic, basic and PBS Lg IOD/W Pes values of the analytes showing no relationship with the [38]
IAM PC-MG zwitterionic drugs HPLC-UV Lo gP retention factors. However, better results were obtained when
g Feft incorporating polar and electrostatic forces in the model.
(c, p, pke)
Neutral, acidic %HOA Retention indices on the commercial column were used to
IAM PC.DD2 basicand PBS/ACN Log D redict different parameters of 22 drugs, including the human [44]
(c, p, pke) HPLC-UV  MDK Cell lines P P gs, g

zwitterionic drugs oral absorption. The results showed a limited prediction ability.

Log Pet
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Alog k"M was used to predict the BBB passage and this study

(¢, p, pke) druas PBS/ACN PAII\_/IOPgAE-)II??:BB demonstrates the soundness of this equation for reliable [45]
g HPLC-UV prediction. It showed superior prediction capacity than
IAM PC-MG Log Pow
o PAMPA-BBB and Log Pow
(¢, p, pke)
I'Azl(\:/l g%kDCI)DZ Log P Alog ky'AM was used to predict the intestinal absorption of drugs
T Druas PBS Lo g P eff with good results. The authors suggested that polar/electrostatic [46]
IAM PC-MG g HPLC-UV ng [°3’W forces between drugs and phospholipids play a major role in the
passage through biomembranes.
(c, p, pke)
IAM PC.DD2
(c, p, pke)
Poly(MDPC-co- H,0/ACN MDPC based on phosphocholine and MDSPC based on 11-
yEDMA) Proteins (both with 0.1% Between aminoundecanoic acid a phosphocholine derivative were used
(s, m, fs) Pharmaceutical TFA) columns as methacrylate monomers for the preparation of monolithic [56]
Y compounds nanolLC and stationary phases. Both synthetized columns were compared
Poly(MSDPC-co- HPLC-UV with the commercial 1AM column showing good correlations.
EDMA)
(s, m, fs)
. The commercial 1AM column was used in combination with
Fl\a/‘lai%:isslgzgn':i?t Druds H?ﬁCB:/TAJ?H q Loq BB MS to predict the BBB passage and solid statistics were [47]
© ke) g g TOF MSan g obtained. Although the common DPBS solvent was substituted
PP ) by an AAB buffer, the predictive power was similar.
253 molecules, including few organic compounds apart from
Drugs PAMPA drugs were used to study the feasibility of the lAM commercial
IA&'(\:/I PC'ECI)DZ Organic QQE@\LCJ\N/ MDCK cell column to predict passive permeability obtained in-vitro by [48]
PP compounds lines PAMPA and MDCK systems. The combination of IAM data

with polar surface area led to satisfactory predictions.




Log BB IAM commercial column was used to set relationships between
— Skin and in vitro toxic activity of bisphenols and phospholipophility
IA(‘(':\A PCI'('\C/I)G Bisphenols E"B:E/(';ASI\\I/ Corneal obtained by retention on 1AM column. The results showed good [49]
PP ) permeability correlations for which stronger interaction with the
Cell toxicity phospholipid indicates more toxicity.
Penetrating and LO% Pow The manuscript is focused on the use of IAM retention factors,
IAM PC.DD2 9 PBS/ACN moo PPB and permeability to predict the BBB. The results showed
no-penetrating BB Plasma protein [50]
(c, p, pkec) P 9 HPLC-UV na p that more than one parameter is necessary to obtain reasonable
compounds binding _
Log BB predictions.
Perfluorinated Phospholipophility obtained by retention factor on the 1AM
IAM PC.DD2 alkvlated AAB/ACN Cellular commercial column was used to predict the cellular [51]
(c, p, pke) subs{ances UPLC-MS/MS accumulation  accumulation in different cell types. High correlations are
shown.
The chromatographic data were used to estimate in vivo drug
IAM PC.DD2 Pentides AAB/ACN Loa BB distribution, drug efficiency, brain tissue binding, fraction [39]
(c, p, pke) P HPLC-UV g unbound in brain and plasma, brain to plasma ratio and cell
partition.
I'Azl(\:/l g C;&I)DZ IAM stationary phases were used to obtain correlations with
T Flavonoids H.O/ACN Cell-based cell permeability literature data. Both stationary phases [40]
IAM PC-MG HPLC-UV permeability showed comparable performance towards Caco-2 cell
(c. p, pke) permeability.
Gradient elution was used to develop a linear correlation
|AM PC.DD2 Psychopharmacs PBS/ACN Log BB between 1AM column retention factors and Log BB showing 41
(c ke) HPLC-UV
PP ) extremely good results for eleven drugs.
i The potential of IAM to predict ecotoxicological endpoints of
IA(\(I:\/IpP(F:)kI\C/;G Pesticides ::EE@SI\\I/ Il:gzg 39 pesticides was evaluated. IAM retention factors showed [57]

promising predictions towards ecotoxicological risk




Bovine brain PS

liposomes 40 mM HEPES Log BB A r}ovel in vitro method based on the use of Iip_oso_mes'in
Drugs capillary electrochromatography was used to predict in vivo [42]
CEC-UV PAMPA-BBB e
Log BB and cell permeability data.
(s, fs, fs)
Study of lipophilicity using an IAM column for drugs. The
IAM PC.DD2 Drugs AABIACN Pm obtained results were used to check the relationship with [43]
(c, p, pke) uv .
permeability.

!'s: synthetized; c: commercial; s/c: synthetized based on a commercial column; m: monolith; p: particles; fs: fused silica; pkc: packed column

Abbreviations: Glycidyl methacrylate (GMA); Ethylene glycol dimethacrylate (EDMA); Phosphatidyl choline (PC); Methanol (MeOH); AAB: Ammonium acetate buffer;
Absorption of inverted rat intestine (AIRI); Dulbecco’s Phosphate buffer saline (DPBS); Acetonitrile (ACN); 12-methacryloyl dodecylphosphocholine (MDPC); Jejenum
absorption values (Log Per); Permeability (Pm); 1-dodecanoyl-2-(11-methacrylamidoundecanoyl)-sn-glycero-3-phosphocholine (MDSPC); Thrombin (THR); Time of flight
mass spectrometry (TOF-MS); Ammonium bicarbonate buffer (ABB); human oral absorption (%HOA); Madin-Darby canine kidney (MDCK); Parallel artificial membrane
permeability assays (PAMPA); Blood-brain-barrier (BBB); Plasma protein binding (PPB); Lethal dose 50% (LDso); Lethal concentration 50% (LCso); 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES); 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC); 1,2-diacyl-sn-glycero-3-phospho-I-serine (PS).
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Mobile phase

Column? Analytes Technique Bioparameter = Comments Reference
A two-dimensional liquid chromatography method was
s op developed using a BMC separation in the first dimension and
c18 D Brij-35 in PBS C18 reversed phase in the second dimension to study the
rugs LCso identification, bioactivity and toxicity of drugs using a time- [63]
(slc, p, pkc) HPLC-UV \cer ' y y ordrugs using
saving and low-cost system. The second dimension improves
the weak separation ability of BMC.
Miltefosine A synth_gsized su_rfactgnt (miltefosine) that mimics better the
cis a luti Log BB composition of biological layers has been used for BMC. The
queous solution : . O X .
(c p. pke) Drugs retention factors in combination with other descriptors were [67]
TOE-MS HIA used to_ build m_ogiels to predict Log BB and HIA and the
correlation coefficients were between 0.37 and 0.88.
The use of microemulsions in the presence of mixed micelles
C8 PC and SDS and oil has been used to mimic the biomembrane. The system
Drugs Log D showed better correlations for log D than I|IAM [68]
(c, p, pke) HPLC-UV chromatographic counterparts. However, the authors did not
harness the system to predict other bioparameters.
Cyanopropyl NaDC Alternative BMC system using bile salts has been used to
column Druds aqueous solution HIA predict intestine permeability expressed as HIA for [65]
g pharmaceutical compounds obtaining R? between 0.75 and
(c, p, pkc) HPLC-UV 0.86.
c18 SDS Partial least square method was used to predict BBB using
Structurally aqueous solution Log BB retention factors of BMC and other topological and [64]
(sic, p, pkc) unrelated analytes physicochemical parameters. The results showed high
T HPLC-UV correlations (R? = 0.83), also for IAM columns (R? = 0.78).
Zorbax Extend- o ) .
IRs/a-Ars, drugs Brij-35 in PBS Log BB BMC retention factors were used to estimate the BBB [62]

C18

permeability of different drugs. BMC features higher
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(c, p, pkc) HPLC-UV correlation factors (R? = 0.77) than those obtained with
reversed-phase without micellar medium (R? = 0.58).

The prediction of HIA was extended to a large number of

APS aqueo’\tljzzciution compounds thanks to the incorporation of an aminopropyl
Drugs HIA column. The micelle-water partition coefficients were [66]

(c, p, pke) HPLC-UV calculated and combined with other descriptors for predicting

HIA. Correlations (R?) in the range 0.72-0.85 were obtained.

Brij35, Tris and Biopartitioning mic_;ellar electrokinetic ch_romatography

- HéPES (BMEKQC) as alternative to BMC was used to estimate the BBB
Drugs Log BB of drug candidates. The proposed methodology however [69]

(cfs, -, fs) showed similar correlation coefficients (R? = 0.73) than those

HPLC-UV of conventional BMC (R? = 0.75)

L's: synthetized; c: commercial; s/c: synthetized based on a commercial column; p: particles; fs: fused silica; pkc: packed column

Abbreviations: LCso: Lethal concentration 50; BBB: blood brain barrier; Human intestinal absorption (HIA), sodium deoxycholate (NaDC), Quantitative Structure-Retention
Relationship (QSRR), imidazoline/a-adrenergic receptor (IRs/a-ARs), anionic sodium dodecyl sulfate (SDS), reversed- phase aminopropyl column (APS)
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