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Purpose: AntiOxCIN3 is a novel mitochondriotropic antioxidant developed to minimize the 
effects of oxidative stress on neurodegenerative diseases. Prior to an investment in pre- 
clinical in vivo studies, it is important to apply in silico and biophysical cell-free in vitro 
studies to predict AntiOxCIN3 biodistribution profile, respecting the need to preserve animal 
health in accordance with the EU principles (Directive 2010/63/EU). Accordingly, we 
propose an innovative toolbox of biophysical studies and mimetic models of biological 
interfaces, such as nanosystems with different compositions mimicking distinct membrane 
barriers and human serum albumin (HSA).
Methods: Intestinal and cell membrane permeation of AntiOxCIN3 was predicted using 
derivative spectrophotometry. AntiOxCIN3 –HSA binding was evaluated by intrinsic fluor-
escence quenching, synchronous fluorescence, and dynamic/electrophoretic light scattering. 
Steady-state and time-resolved fluorescence quenching was used to predict AntiOxCIN3- 
membrane orientation. Fluorescence anisotropy, synchrotron small- and wide-angle X-ray 
scattering were used to predict lipid membrane biophysical impairment caused by 
AntiOxCIN3 distribution.
Results and Discussion: We found that AntiOxCIN3 has the potential to permeate the 
gastrointestinal tract. However, its biodistribution and elimination from the body might be 
affected by its affinity to HSA (>90%) and by its steady-state volume of distribution (VDSS=1.89 
± 0.48 L∙Kg−1). AntiOxCIN3 is expected to locate parallel to the membrane phospholipids, 
causing a bilayer stiffness effect. AntiOxCIN3 is also predicted to permeate through blood-brain 
barrier and reach its therapeutic target – the brain.
Conclusion: Drug interactions with biological interfaces may be evaluated using membrane 
model systems and serum proteins. This knowledge is important for the characterization of 
drug partitioning, positioning and orientation of drugs in membranes, their effect on mem-
brane biophysical properties and the study of serum protein binding. The analysis of these 
interactions makes it possible to collect valuable knowledge on the transport, distribution, 
accumulation and, eventually, therapeutic impact of drugs which may aid the drug develop-
ment process.
Keywords: biomimetic models, biophysical profiling, drug–membrane interaction, blood– 
brain barrier permeability, drug distribution, small and wide-angle X-ray diffraction

Introduction
Research over the past few decades has revealed the involvement of oxidative stress in 
several disease states, in particular those presenting an increased incidence with age, 
including cardiovascular events, cancer, diabetes mellitus and neurodegenerative 
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diseases.1,2 The concept of an imbalance between oxidants 
and antioxidants has evolved in recent years embracing all 
the biological responses involving the disruption of redox 
signaling pathways. In normal circumstances, cells attempt 
to counteract the oxidant effects and restore the redox bal-
ance through a diversity of processes, namely the activation 
or silencing of genes encoding defensive enzymes and struc-
tural proteins.3 However, an overproduction of reactive spe-
cies (RS) resultant from oxidation can damage the integrity 
of various biomolecules, such as lipids, proteins, and DNA/ 
RNA, leading to cell death.4,5 The use of antioxidants cap-
able to prevent and/or minimize RS levels inside the cell is 
considered a therapeutic solution to slow-down the progres-
sion of the radical cascade reactions. Notwithstanding, the 
problems found with bioavailability and druggability of anti-
oxidants, among others, limit their success in clinical trials. 
This limitation is related mainly to biodistribution issues and 
to the fact that frequently antioxidants do not reach relevant 
sites of free radical generation. So, the development of new 
effective treatments for neurodegenerative diseases is still 
a challenge due to the restrictive passage across biological 
membranes, namely the blood brain barrier (BBB) in order to 
reach the Central Nervous System (CNS).6

The covalent link of a lipophilic cation, namely alkyl 
triphenylphosphonium (TPP), to an antioxidant has been 
proposed as an effective strategy to deliver this type of 
compounds specifically to mitochondria, the main source 
of RS that are generated as by-products of the electron 
transport chain.7–9 In this context, a rational drug discov-
ery program based on a dietary antioxidant (caffeic acid, 
Figure 1A) was accomplished by our group, giving rise to 
the first mitochondriotropic antioxidants, commonly 
named AntiOxCINs, based on a phenolic acid.10 The 
results obtained so far indicated that AntiOxCIN3 (Figure 

1B) is a potent antioxidant able of mitochondrial accumu-
lation and devoid of mitochondrial toxicity.10

Interestingly, TPP lipophilic cations have been described 
as an exception to the “rule of five” that is often used as 
preliminary predictor of relevant drug-like properties such as 
solubility, bioavailability, and ability to pass through phos-
pholipid bilayers.11,12 This exception is due to the unusual 
properties of being both relatively water soluble and mem-
brane permeant, even with a rather large molar mass and 
partition coefficient, an indicator of high lipophilicity.13 

Among the mitochondriotropic compounds, it was found 
that the most lipophilic ones, till a limit on the number of 
methylene groups in the linker, presented the highest anti-
oxidant potency.14 In fact, it is consensual that lipophilicity 
is the major determinant in drugs’ biodistribution, since it is 
intimately related to membrane permeability, which dictates 
the drug ability to pass through the different biological 
interfaces.15 Otherwise, increasing lipophilicity leads to 
a reduction in aqueous solubility and in turn, to biodistribu-
tion due to the drug’s high affinity to plasma proteins. 
Moreover, highly lipophilic drugs present usually poor oral 
absorption and are more vulnerable to CYP450 metabolism, 
and in consequence to a high hepatic clearance.

Considering the therapeutic interest of AntiOxCINs and 
assuming the oral administration of drugs as the most con-
ventional route either by patient’s choice or due to industrial 
reasons,16 the oral administration of AntiOxCIN3 was 
hypothesized. Although oral absorption is the most popular 
and convenient route, it is limited by drug physicochemical 
properties (low aqueous solubility and/or low membrane 
permeability), among other factors.17 Upon oral administra-
tion of AntiOxCIN3, the drug is expected to interact 
promptly with a number of biological interfaces that will 
constitute barriers to its biodistribution.18,19 For orally 

Figure 1 Chemical structures of caffeic acid (A) and mitochondriotropic antioxidant AntiOxCIN3 (B).
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administrated drugs, gastrointestinal (GI) absorption is the 
first physical barrier. The drug must be able to permeate 
through the intestinal epithelial barrier to guarantee bioavail-
ability and biodistribution. After GI absorption, the drug will 
be exposed to plasma proteins in the bloodstream, the main 
function of which is to transport exogenous molecules 
through the body. However, the drug-plasma protein inter-
action must be reversible and balanced, since a too low or 
too high affinity will lead to biodistribution issues. When 
distributed to the body, drugs will continue to interact in 
a reciprocal way with other biological interfaces until they 
reach the therapeutic target. Also, even when the drug 
reaches the therapeutic target, its interaction with cell mem-
branes can affect the rate of membrane partitioning and the 
subsequent penetration of the drug into the cytoplasm.18 

Hence, the partitioning in cell membranes and the drug/ 
membrane interactions should be studied and 
characterized.18,19

Until today, the emergence of several biomimetic model 
membranes based on lipid nanosystems and biophysical 
techniques to study and characterize drug–membrane inter-
actions have resulted in new concerns about how a drug 
influences membrane properties and vice-versa.19–30 In our 
previous works, as well as in other studies, it is reported the 
correlations between the biological action and cytotoxicity 
of drugs and their biophysical effects in biomimetic mem-
branes, eg by altering lipid membrane packing, decreasing 
lipid membrane transition temperatures or disturbing coop-
erativity of lipid unit cells, with consequent membrane 
biophysical impairment.21,26–28,31,32 Additionally, several 
interesting reports19,20,33–37 highlighted the importance of 
biomimetic models based on lipid nanosystems (liposomes, 
monolayers and supported lipid bilayers) to acquire mole-
cular and functional information. The aim is using this 
acquired information to support the development of new 
drugs with better selectivity and reduced side effects34. This 
information can also assist to the design of new chemical 
entities with improved efficacy and reduced toxicity,19,34,37 

or even to understand the interaction of drug delivery nano-
systems with biomembranes.30,34,38,39

Therefore, in this study, the interaction of AntiOxCIN3 

with the most relevant biointerfaces was studied and char-
acterized allying in silico descriptors with different in vitro 
biophysical methods and biomimetic model systems to 
predict its biodistribution behavior. In order to mimic the 
journey of AntiOxCIN3 in the body after oral administra-
tion, four different biomimetic interface models were con-
sidered: (i) micelles of intestinal biliary salts; (ii) human 

serum albumin (HSA); (iii) lipid nanosystems (lipid vesi-
cles and lipid bilayers) used as membrane models, which 
are composed by phosphatidylcholine (PC) as the main 
phospholipid component of cell membranes; and (iv) lipid 
nanosystems (lipid vesicles) composed of lipids from the 
endothelial membrane of BBB mimicking this important 
lipid biointerface. Furthermore, several features of drug/ 
biointerfaces’ interaction were correlated with possible 
in vivo biodistribution issues of AntiOxCIN3, giving 
some outputs of the chemical modifications needed to 
improve its performance. Thus, biomimetic membrane 
model systems were used to determine: (i) membrane 
distribution (Kd) in biomimetic models representative of 
membranes found in target and off-target tissues, (ii) drug 
location at membrane level, (iii) plasma protein binding 
(PPB) to infer the biodistribution of AntiOxCIN3 and (iv) 
membrane biophysical characterization to predict possible 
toxic effects—at membrane level.

In summary, AntiOxCIN3 is a potential drug candidate 
with application as antioxidant for the prevention/minimi-
zation of oxidative stress ascribed to neurodegenerative 
diseases, for which an oral administration is envisioned. 
Given the therapeutic potential of AntiOxCIN3

10 and since 
there are no reports in the literature concerning the inter-
action of mitochondriotropic antioxidants with biomimetic 
interfaces, we propose the use of a membrane modelling 
biophysical approach to evaluate AntiOxCIN3/biointerface 
interactions before progressing to the in vivo studies. This 
study of AntiOxCIN3/biointerface interactions is 
a valuable step in assessing the biodistribution profile of 
this type of antioxidants.

Materials and Methods
Synthesis of AntiOxCIN3
The synthetic strategy and general procedures used to 
obtain the mitochondriotropic antioxidant AntiOxCIN3 

have been previously described in Teixeira et al.10

Materials
The lipids 1,2-dimyristoyl-sn-glycero-3-phosphocholine 
(DMPC), 1.2-dipalmitoyl-sn-glycero-3-phosphocholine 
(DPPC) and the brain polar lipids (BPL) were obtained 
from Avanti Polar Lipids Inc. (INstruchemie, Delfzijl, 
Netherlands). The HSA and sodium deoxycholate 
(NaDC) were purchased from Sigma-Aldrich (Barcelona, 
Spain) at a purity grade of >99% and used without further 
purification. The fluorescent probes (±)-n-(9-anthroyloxy) 
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stearic acid (n=3, 6, 9 and 12, named as n-AS probes) and 
1.6-diphenyl-1,3,5-hexatriene (DPH) were purchased from 
Invitrogen-Molecular Probes (Paisley, UK). All other che-
micals were purchased either from Sigma-Aldrich or 
Cymit Quimica (Barcelona, Spain) and were of the highest 
commercially available purity. All aqueous solutions were 
prepared with ultrapure water produced by Millipore 
Milli-Q (resistivity = 18.2 MΩ·cm) or adjusted for pH 
with universal buffer solution.

In silico Prediction of Drug-Like 
Properties
Several molecular descriptors relevant to complement bio-
physical studies were calculated by in silico analysis using 
the module MarvinSketch® from ChemAxon® software 
(Budapest, Hungary): number of hydrogen bonds, polar 
(PSA) and van der Waals surface area (VWSA) and ioni-
zation state.

Preparation and Labelling of Lipid 
Nanosystems for Membrane Interactions
The membrane model systems were prepared by the lipid 
film hydration method followed by extrusion as previously 
reported.40 Briefly, adequate portions of DMPC, DPPC or 
BPL were dissolved in chloroform, and subsequently eva-
porated to dryness under reduced pressure in a rotary 
evaporator (Buchi R210 Rotavapor, VWR International, 
Portugal). After hydration with ultrapure water, the sus-
pension (1.00×10−3 M) was vortexed 20 min. The hydra-
tion was performed at a temperature above the main phase 
transition (Tm) of the lipid or lipid mixture (37 °C for 
DMPC and BPL; and 60 °C for DPPC). Lipid suspensions 
were then submitted to several freeze/thaw cycles and 
sequentially extruded through 400 nm, 200 nm and 100 
nm nucleopore polycarbonate filters to produce large uni-
lamellar vesicles (LUVs). LUVs are large unilamellar 
vesicles with a curvature closer to that of physiological 
membranes. As LUVs’ preparation methods are easy and 
reproducible they are widely used as biomimetic systems 
to study the biophysical interactions between bioactives 
and membranes.19,33,37,41,42 Besides lipid vesicles, 
micelles were also used as mimetic models of the biliary 
salt micelles and were prepared by aqueous dispersion of 
NaDC at a concentration above the critical micellar con-
centration (6 mM).43

In order to obtain labelled membrane nanosystems, 
ethanolic stock solutions of fluorescent probes were 

added to a chloroform solution of lipids in a lipid: probe 
molar ratio always greater than 100:1, to prevent structural 
changes of the membrane model system.34 Lipid nanosys-
tems were then prepared using a lipid film hydration 
method followed by extrusion as described above.

Derivative Spectrophotometry Studies to 
Evaluate Membrane Distribution of  
AntiOxCIN3
The membrane distribution of AntiOxCIN3 in NaDC 
(Kd(NaDC)), DMPC (Kd(PC)) and BPL (Kd(BBB)) was deter-
mined by using increasing concentrations of the lipid 
model systems (0–3.00×10−3 M for DMPC and BPL; 
0–5.00×10−2 M for NaDC) and a fixed concentration of 
AntiOxCIN3 (2.00×10−4 M), which were incubated for 30 
minutes at 37 °C.

The absorption spectra (200–400 nm) were acquired 
(Perkin-Elmer Lambda 45 UV-VIS spectrophotometer) at 
37.0 ± 0.1 °C for the NaDC and BPL membrane system 
and at 30, 33, 37, 40 and 45.0 ± 0.1 °C for the DMPC 
membrane model system. Derivative spectra were 
obtained from absorption spectra in accordance with the 
procedure previously published.44 In the third derivative 
spectra, the spectral interferences promoted by the lipid 
suspensions were removed. Kd values were obtained by 
a non-linear regression from the graphical representation 
of λmax or λmin as a function of the concentration of lipid 
nanosystems ([MembraneModel] in mol∙L−1):

d3AT

dλ3 ¼
d3Aa

dλ3 þ

d3Al
dλ3

� �
� Kd � MembraneModel½ � � Vl

1þ Kd � MembraneModel½ � � Vl
(1) 

where AT stands for the total absorbance of drug (in lipid 
and in aqueous media) and Aa and Al are the absorbances in 
aqueous media and in lipid media, respectively. Vl refers to 
the lipid molar volume (L∙mol−1) and it is characteristic for 
each membrane model and can be calculated from the 
specific volumes of each lipid.21,45

Fluorescence Studies to Evaluate 
Interactions Between AntiOxCIN3 and 
Membrane Model Systems
Steady-State and Lifetime Fluorescence 
Measurements
DMPC membrane model system was labelled with n-AS 
probes, wherein n represents a well-defined hydrocarbon 
chain position of a stearic acid (carbon 2, 6, 9 or 12) where 
the fluorophore (anthracene group) is attached. The 
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fluorescence of the fluorophore was monitored by lifetime 
and steady-state fluorescence studies to predict 
AntiOxCIN3 location at membrane level. Increasing con-
centrations of AntiOxCIN3 (0–3.0×10−2 M) and a fixed 
concentration of the labelled DMPC model system 
(5.0×10−2 M) were used. Steady-State fluorescence emis-
sion (Fluorolog-4 Spectrofluorometer, HORIBA 
Scientific) was obtained using λexcitation=379 nm. 
Fluorescence excitation and emission spectra were 
recorded using slits of 2 and 6 nm, respectively, and an 
integration time of 1 s was used. Time-resolved fluores-
cence measurements (ISS Chronos BH equipped with 
a picosecond laser C10196, Hamamatsu) were performed 
at λexcitation=379 nm, with a pulse duration of 80 ps, and 
set to a repetition rate of 10 MHz. A 435/40 nm BP filter 
(Brightline, Semrock) was placed in front of the photo-
detector (H7422P-40, Hamamatsu) whose signal was con-
nected with the SYNC signal of the laser to the Time 
Correlated Single Photon Counting—TCSPC module 
(SPC130, Becker&Hickl). Fluorescence lifetimes were 
determined by fitting a bi-exponential decay model and 
using the ISS-VINCI analysis software. Both spectro-
meters were equipped with a temperature-controlled sam-
ple holder and measurements were made at 30, 37 and 
45 °C to have additional data to distinguish the quenching 
mechanism.

The extent of fluorescence quenching induced by 
AntiOxCIN3 in n-AS probes (n = 3, 6, 9 or 12) was 
evaluated by Stern–Volmer constant (KSV) obtained by 
fitting data to the Stern–Volmer linear plots:

I0

I
or

τ0

τ
¼ 1 � KSV � AntiOxCIN3½ �M (2) 

where (I, τ) and (I0, τ0) are the steady-state fluorescence 
emission and lifetime of the probe, respectively, in the 
presence or in the absence of AntiOxCIN3. 

[AntiOxCIN3]M is the membrane concentration of 
AntiOxCIN3 calculated as described elsewhere:21

AntiOxCIN3½ �M ¼
Kd � AntiOxCIN3½ �T
Kd � Vm þ 1 � Vmð Þ

(3) 

where Kd is the distribution coefficient of AntiOxCIN3 in 
the membrane model system (calculated as described in 
Equation 1), [AntiOxCIN3]T is the total concentration of 
AntiOxCIN3 and Vm is the membrane volume fraction.

The efficacy of AntiOxCIN3 to quench the fluores-
cence of each probe was evaluated by the bimolecular 
constant (Kq):45

Kq ¼
KSV

τ0
(4) 

Kq is independent of intrinsic microenvironment changes 
sensed by each probe, which are reflected in the different 
values of τ0 (measured by lifetime fluorescence studies) and 
was used to infer the relative location of AntiOxCIN3 in the 
membrane model system. All fluorescence intensity data 
were corrected from absorption and inner filter effect.45

Fluorescence Anisotropy Measurements
The steady-state anisotropy, rSS, of DPH probe (5.0×10−6 

M) incorporated in DPPC model system (5.0×10−2 M), 
before and after AntiOxCIN3 addition (2.0×10−2 M), was 
measured at 30.0 and 50.0 ± 0.1 °C (Fluorolog-4 
Spectrofluorometer, HORIBA Scientific). These tempera-
tures were chosen for the evaluation of the effect in the 
two lipid phases: gel phase, Lβ’, present at temperatures 
below Tm (ie < 41 °C), and fluid phase, Lα, at temperatures 
above Tm (ie > 41 °C). The probe was excited with 
vertically polarized light at 325 nm and the emitted fluor-
escence intensities were recorded between 400 and 600 nm 
with an integration time of 0.5 s and automatic insertion of 
emission polarizer parallel (IVV) or perpendicular (IVH) to 
the excitation polarizer allowing the determination of rSS:

rSS ¼
IVV � G � IVH

IVV þ 2 � G � IVH
(5) 

where G is the ratio between IHV and IHH and it is the 
internal correction factor for the sensitivity of the spectro-
fluorometer for vertically (IHV) and horizontally (IHH) 
polarized light.

Steady-State and Synchronous 
Fluorescence Quenching for Plasma 
Protein Binding Evaluation
The fluorescence excitation and emission spectra of increas-
ing AntiOxCIN3 concentrations (0 to 3.5×10−4 M) with fixed 
HSA concentration (2.0×10−6 M) were acquired at 25.0, 
30.0, 37.0, 40.0 and 45.0 ± 0.1 °C (Perkin-Elmer LS-50B), 
with λexcitation of 223 nm and λemission of 342 nm, both with 
slits of 5 nm. The quenching of HSA fluorescence promoted 
by increasing concentrations of AntiOxCIN3 can be 
described by the following binding isotherm equation:45

%Quenching ¼
ymaxnHSA

1þ Kdiss
AntiOxCIN3½ �

(6) 

in which ymax is the maximum fluorescence quenching 
recorded, nHSA is the number of binding sites of HSA to 
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AntiOxCIN3. Kdiss is the dissociation constant from which 
it is possible to calculate the binding constant (Kbind):

Kbind ¼
1

Kdiss
(7) 

The % of plasma protein binding (PPB) can be obtained from 
the in vitro values of Kbind:46

PPB ¼
100

1þ 1
CP�Kbind

(8) 

where CP is the physiological plasma protein concentration 
(750 μM).46

Furthermore, the next equation describes the relation 
between Kbind value and the Gibbs free energy (ΔG) of the 
binding complex by:

ΔGbind ¼ � R � T � ln Kbind (9) 

where R is the ideal gas constant and T is the temperature 
in Kelvin (K). This equation can also be written as the 
van’t Hoff equation:

ln Kbind ¼
� ΔH
R � T

þ
ΔS
R

(10) 

The synchronous fluorescence measurements were 
obtained by the simultaneous scan of the excitation and 
emission monochromators, taking 31 readings in the range 
of 200–500 nm with 5 nm of increment (Perkin Elmer 
LS50B). Characteristic Δλ values for tyrosine (15 nm) and 
tryptophan (60 nm) residues were used.47

Synchrotron Small- and Wide-Angle 
X-Ray Scattering Studies
For X-ray scattering experiments, the membrane model 
systems (DPPC and BPL) in the presence or absence of 
AntiOxCIN3 were transferred into X-ray transparent glass 
capillaries with 1.5 mm diameter (Hilgenberg, Malsfeld, 
Germany). Capillaries were sealed using a flame and 
stored at 4 °C. Small- and Wide-Angle X-ray Scattering 
(SAXS and WAXS) measurements were performed at the 
Austrian SAXS/WAXS beamline at the synchrotron 
light source ELETTRA (Trieste, Italy) employing mono-
chromatic synchrotron radiation with wavelength of 1.54 
Å and X-ray energy of 8 keV. WAXS and SAXS patterns 
were recorded using a2D Pilatus 100K and 2D Pilatus3 
1M detector system, respectively, with a pixel size of 172 
μm at positions that covered the typical diffraction spacing 
(s) range:

s ¼
2 � sin θ

λ
(11) 

where λ is the wavelength and 2θ is the scattering angle of 
interest. The diffraction spacings (s) were calibrated using 
the lamellar peaks of silver behenate (SAXS) and p-bromo 
benzoic acid (WAXS) as standards. From the s values 
correspondent to the position of the first-order Bragg 
peak of each lipid phase, long distances (dL in the case 
of SAXS) and short distances (dS in the case of WAXS) 
were determined:

dL or ds ¼
1
s

(12) 

The full width at half maximum (fwhm) of the Bragg peaks 
were used to calculate the correlation length between the 
lipid bilayers (ξ):

� ¼
2 � π
fwhm

(13) 

Measurements were performed in the ranges 20–56 °C 
and 20–90 °C, for DPPC and BPL membrane systems, 
respectively, both thermostated with a water bath (stabi-
lity ± 0.1 °C, Unistat CC, Huber, Offenburg, Germany) to 
obtain the diffraction patterns of typical lipid phases (Lβ’, 
ripple phase Pβ’ and Lα) and the effect of AntiOxCIN3 in 
such phases was evaluated. The data acquired was ana-
lyzed as previously described in other reports.21

Dynamic and Electrophoretic Light 
Scattering Studies
The affinity of AntiOxCIN3 to HSA was confirmed by 
Dynamic and Electrophoretic Light Scattering (DLS and 
ELS). The hydrodynamic radii (Rh) and zeta-potential of 
free and complexed HSA were measured at 25.0, 30.0, 
37.0, 40.0 and 45.0 ± 0.1 °C to follow the HSA- 
AntiOxCIN3 complexation.48 For each sample, at least 
three measurements with 100 s of stabilization time were 
performed.

DLS technique was also used to evaluate the effect of 
AntiOxCIN3 addition in the Tm and cooperativity (B) of 
the DPPC membrane model system.21,48 Thus, the light 
scattered (Mean Count Rate, MCR) by membrane system 
(5.0×10−2 M) in the absence and in the presence of 
AntiOxCIN3 (2.0×10−2 M) was monitored as function of 
temperature (T) between 30 and 55°C (with intervals of 
1 °C and 2 min of equilibration time). The results were 
fitted with a sigmoidal function based on a modified 
Boltzmann equation:21,48
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MCR ¼ b1 þ m1 � T þ
b2 � b1 þ m2 � T � m1 � T

1þ 10B� 1
T�

1
Tmð Þ

(14) 

where m1 and m2 are the slopes resultant from the linear 
fitting to the data before and after Tm, respectively, and b1 

and b2 are the corresponding y-intercepts.
All DLS and ELS studies were performed in Zetasizer 

Nano ZS (Malvern Panalytical, Paralab, Portugal), using 
disposable polystyrene cells with the addition of a dip cell 
(ZEN1002) when ELS studies were performed.

Modelling Biodistribution from in vitro 
Parameters
The LogKd value, which is dependent on the membrane 
model systems, can be used along with in silico descriptors 
to predict several biodistribution parameters using mathe-
matical models. Thus, the value of LogKd(PC) was used to 
predict AntiOxCIN3 bioaccumulation (represented by the 
bioaccumulation constant, Kbioaccumulation), which is related 
to tissue blood flow (Q) and its volume (V):16

Kbioaccumulation ¼
Q

V � Kd PCð Þ

(15) 

As an assessment of whether the drug is accumulated in 
adipose tissue, the adipose store index (ASI) of 
AntiOxCIN3 was calculated using the following equation:49

ASI ¼ 1:81 � LogKd PCð Þ � LogKd PCð Þ þ 0:40 (16) 

Moreover, according to Waterbeem and Kansy,50 the 
obtained distribution coefficient in the BPL model system – 
LogKd(BBB) – can be related to LogBB. LogBB can be 
defined as the logarithm of the ratio of drug concentrations 
in brain and in blood and reflects the relative affinity 
differences of the drug between the plasma proteins and 
brain tissue:51

LogBB ¼ 0:388 � LogKd BBBð Þ � 0:00618 � Vl þ 1:359
(17) 

where Vl is the molar volume of the membrane model 
system used calculated from the specific lipid 
volumes.21,45

Additionally, it is possible to calculate the BBB perme-
ability-surface area product (PS, quantified as LogPS):51

LogPS ¼ � 2:19þ 0:262 � LogKd BBBð Þ þ 0:0583 � VWSAB
� 0:00897 � PSA

(18) 

where VWSAB is the van der Walls surface area of the 
basic atoms that indicates the basicity of a compound.

One of the most useful pharmacokinetic parameters to 
describe the biodistribution of a drug is the Steady-State 
Volume Distribution (VDSS).52 This predictor translates the 
influence of the PPB, permeability, partitioning and active 
transport in the physiological distribution of the drug.52 

The first physiological mathematical model of VDSS for 
predicting the biodistribution of the neutral and basic 
drugs was proposed with basis on human clinical pharma-
cokinetic data of a large set of drugs (670 drugs):53

VDSS ¼ VP 1þ RE
I

� �
þ fu � VP

VE

VP
� RE

I

� �

þ
VR � fu

fut
(19) 

where VP and VE are the plasma and extracellular fluid 
volumes with corresponding value in human of 0.0436 and 
0.0151 L∙Kg−1.53 RE/I represents the ratio of extravascular 
and intravascular proteins, and is strictly referred to the 
distribution of albumin, assuming an approximate value of 
1.4.53 VR is defined as the physical volume into which the 
drug distributes minus the extracellular space (0.380 
L∙Kg−1).53 fu and fut are, respectively, the unbound drug 
fraction in plasma and the unbound fraction in tissues.53

The value of fu can be obtained by:46

fu ¼ 1 �
PPB
100

(20) 

Finally, fut can be obtained by the equation proposed by 
Lombardo et al:53

Logfut ¼ � 0:0289 � 0:1739 � LogKd PCð Þ � 0:8324 � fi 7:4ð Þ

þ 1:0400 � Logfu
(21) 

where fi(7.4) is the fraction of ionized drug at pH 7.4 which 
can be determined from its pKa.

Results and Discussion
Interaction Studies with Micelles 
Modelling Intestinal Absorption 
Enhancers
The NaDC is a well-known bile salt surfactant present in 
intestinal fluids of GI tract, which tends to form micellar 
structures aiding the passive absorption of compounds.54 

The benefits of using NaDC to predict human intestinal 
absorption were described by Waters et al.54 The distribu-
tion of AntiOxCIN3 in the NaDC micellar system, expressed 
as LogKd(NaDC), was directly determined from the absorp-
tion spectra as the spectral interference of these systems 
only presents residual scattering (Figure S1).21 Plotting the 
absorbance values at the maximum absorbance (337 nm) as 
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a function of NaDC micelles concentration and applying 
a non-linear fitting (Equation 1), a LogKd(NaDC) of 1.79 ± 
0.56 was obtained. This value indicates a good solubiliza-
tion of AntiOxCIN3 at small intestine level that is facilitated 
by the presence of the intestinal micelles. Additionally, in 
silico calculations showed that AntiOxCIN3 has 4 hydrogen 
bond acceptors and donors, a PSA value of 72.47 Å2 and 
a molecular weight of 619.25 Da. Following a relation 
described by Waters and co-workers,54 it is possible to 
estimate that 99% of AntiOxCIN3 will be absorbed at 
human intestinal level. Understandably, the pH variability 
of GI can influence the absorption and bioavailability of the 
drug.16 However, it is expected a good absorption along all 
the GI tract, since AntiOxCIN3 distribution in mimetic 
membrane/aqueous system was not dependent on pH 
changes (Table S1). The data is reinforced by the PSA 
value of AntiOxCIN3, as PSA < 140 Å2 has been described 
as a prerequisite for drug absorption.55 The intestinal 
absorption process involves the transport of the drug 
through the tight junctions of the intestinal epithelial and 
can occur by paracellular or transcellular processes, in 
which physicochemical properties are determinant.56 The 
molecular weight limit for paracellular pathway is approxi-
mately 400–500 Da,56 whereby compounds with higher 
molecular weights are described to permeate trough intest-
inal epithelium by transcellular processes.57 Accordingly, 
the results obtained suggest that AntiOxCIN3 has the phy-
sicochemical properties required for an effective passage 
through the GI tract and into the systemic circulation by 
transcellular pathway. As expected from a lipophilic com-
pound, and as predicted from the biliary micelle mimetic 
systems, the absorption of AntiOxCIN3 might be enhanced 
in the presence of food due to micellar solubilization by the 
bile salts, uptake by the chylomicrons and lymphatic 
absorption.58,59

Plasma Protein Binding Studies
In systemic circulation, AntiOxCIN3 will be exposed to 
plasma proteins, like HSA. HSA is a globular protein, and 
its main physiological function is to transport endogenous 
and exogenous substances.60 Drug binding to HSA results in 
a complex that cannot be transported through epithelium 
tissue of blood capillaries, limiting the drug distribution to 
the therapeutic targets.60,61 Therefore, the drug biodistribution 
in target tissues is largely affected by its binding to serum 
proteins and the evaluation of drug-HSA binding is para-
mount to understand if the drugs’ biodistribution is effective.

HSA has three intrinsic fluorophores: tryptophan (Trp), 
tyrosine (Tyr) and phenylalanine (Phe) and changes in HSA 
fluorescence are associated with its interaction or binding to 
a variety of quenchers.62–65 As observed in Figure 2A, HSA 
fluorescence emission decreases with increasing concentra-
tions of AntiOxCIN3, with a shift to higher wavelengths 
(from 334 to 352 nm). Emission spectral shifts can be used 
to estimate the surrounding hydrophobicity of the chromo-
phore, since the fluorescence emission is strongly dependent 
on the local microenvironment.45

Moreover, the stronger is the polarity the larger will be 
the solvent relaxation effect resulting ultimately in 
a longer emission wavelength.45 So, the observed shift is 
indicative of an increased polarity surrounding 
AntiOxCIN3 that can result from protein conformational 
changes or from the establishment of hydrogen bonds 
between AntiOxCIN3 and HSA. Similarly, to caffeic acid 
the hydrogen bonding may take place between the hydro-
xyl groups of AntiOxCIN3 and the polypeptide chain of 
albumin.66 Additionally, by the deconvolution of HSA 
emission spectra (Figure 2B), it was possible to observe 
that increasing AntiOxCIN3 concentrations promoted the 
deactivation of Tyr emission and a bathochromic shift of 
Trp emission band from 341 nm to 352 nm.

The conformational changes of HSA upon AntiOxCIN3 

addition were evaluated by monitoring the synchronous 
fluorescence intensity of protein residues. By setting a Δλ 
value between excitation and emission wavelengths at 15 or 
60 nm, it is possible to obtain the characteristic information 
about Tyr and Trp residues, respectively.47

In Figure 2 it is possible to observe that both Tyr (Figure 
2C) and Trp residues (Figure 2D) were quenched with 
increasing AntiOxCIN3 concentrations, indicating that the 
HSA conformation has been changed. The AntiOxCIN3 

addition promoted a small shift of maximum emission band 
from 275 nm to 277 nm in the Trp spectra (Figure 2D), 
indicating that the microenvironment around Trp was per-
turbed and the hydrophobicity decreased. On the other hand, 
the blue shift on the maximum emission of Tyr (Figure 2C) 
from 284 nm to 282 nm, indicates that the residues were 
exposed to a more hydrophobic environment.67

Next, similarly to other reported studies,68,69 

a fluorescence quenching study was performed at different 
temperatures to gain insight into the molecular mechanism of 
AntiOxCIN3-HSA complexation and to explain the observed 
microenvironmental changes. The percentage of fluorescence 
quenching was represented as a function of AntiOxCIN3 

concentration for each temperature (Figure S2A). Upon 
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a non-linear fitting (Equation 6) of the fluorescence quench-
ing data, Kdiss values in the magnitude of 10−5 M and Kbind 

values in the magnitude of 104 (Equation 7) were obtained for 
all the temperatures. From Kbind values it was determined 
a PPB of 94.76% (Equation 8) meaning that a major part of 
AntiOxCIN3 in solution is bound to HSA leaving only 5.24% 
of the free AntiOxCIN3 available to be distributed to the 
tissues.46 The magnitude of these values is indicative of 
a strong interaction between AntiOxCIN3 and HSA.45 

Additionally, from the application of a linear fit of data 
according to van’t Hoff equation (Figure S2B), the thermo-
dynamic parameters of the interaction were determined 
(Equations 9 and 10). The negative value of ΔG (−26.02 
KJ·mol−1) suggests a spontaneous HSA-AntiOxCIN3 

complexation.70 Furthermore, the positive values of 
ΔH (4.35 KJ·mol−1) and TΔS (0.03 KJ·mol−1·K−1) clearly 
indicate that the binding is entropically driven.71 According 
to Ross’s thermodynamic laws for the binding between small 

molecules and biomacromolecules, this type of entropic con-
trol of the binding process indicates that the hydrophobic 
interactions may play a predominant role in HSA- 
AntiOxCIN3 association.70

Gathering all the outcomes provided by fluorescence 
methods it was possible to predict a hydrophobic inter-
action between AntiOxCIN3 and the Tyr residue of HSA 
with a consequent protein conformational change that 
promotes the exposure of Trp residues to aqueous solu-
tion. As for caffeic acid, the aromaticity of the 
AntiOxCIN3 molecule might play an important role in 
hydrophobic interactions established between the phenyl 
group of AntiOxCIN3 and hydrophobic aminoacid resi-
dues present within the protein binding site.66

Additionally, to confirm the interaction, Rh and zeta- 
potential of free and complexed HSA with AntiOxCIN3 

were measured by DLS and ELS, respectively, and the 
results obtained are summarized in Figure 3.

Figure 2 (A) Fluorescence spectra of HSA (2.0×10−6 M) in the presence of increasing AntiOxCIN3 concentrations (0 to 3.5×10−4 M) at 37 °C. (B) Deconvolution of HSA 
Trp (long dashes) and Tyr (short dashes) residues emission bands in the absence (pink) and in the presence (blue) of 3.5×10−4 M of AntiOxCIN3. (C) Synchronous 
fluorescence spectra of HSA (2.0×10−2 M) in absence and in presence of increasing concentrations of Anti-OxCIN3 (0 to 3.50×10−4 M) with Δλ = 15 nm corresponding to 
Tyr residues and (D) Δλ = 60 nm corresponding to Trp residues.
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In the absence of AntiOxCIN3, the Rh of HSA was 
determined to be 7.97 nm, 7.13 nm and 6.75 nm, at 25.0, 
37.0 and 45.0 °C, respectively. The data is coherent with the 
size range of HSA described in the literature.72 The pro-
gressive increasing of AntiOxCIN3 concentration provoked 
an increase in Rh values, suggesting the formation of the 
complex AntiOxCIN3–HSA (Figure 3A). Remarkably, at 
2.0×10−4 M of AntiOxCIN3 a significant increase in the 
Rh value was observed, coinciding with the concentration at 
which the maximum fluorescence quenching was reached 
(Figure S2A). The large increase in Rh values suggests that 
HSA has reached the saturation binding point, promoting 
protein aggregation.

The ELS studies showed negative surface charge for 
free HSA, however, a charge neutralization tendency 
occurred upon AntiOxCIN3 addition (Figure 3B). This 
tendency resulted in reduced electrostatic repulsions 

which explain the formation of larger aggregates. These 
results corroborate the exposure of neutral Trp residues to 
the solvent upon AntiOxCIN3 interaction with Tyr residue, 
as predicted by fluorescence studies. Indeed, the progres-
sive surface exposure of neutral residues will decrease the 
negative charge density of the protein, which justifies the 
observation of less negative zeta potential values, and 
ultimately less repulsion and higher tendency for 
aggregation.

As stated before, the evaluation of the binding para-
meters between plasma protein and drug candidates is an 
important factor to understand their distribution from the 
human plasma to body tissues and organs. Therefore, 
although intestinal absorption of AntiOxCIN3 is feasible, 
its distribution to the target tissues can be limited, by the 
strong binding to HSA (AntiOxCIN3 has a PPB of 
94.76%). However, the strong binding to HSA cannot by 
itself be considered a final decisive factor for a poor bio-
distribution profile. Changes in protein binding may occur 
in vivo, for example, by competitive displacement 
between co-administration of drugs that share the same 
binding site.73 In addition, the binding of many drugs to 
HSA in patients can be changed due to several disease 
conditions (eg, kidney and liver diseases).73 Finally, it has 
been suggested that compounds with logD >3 and high 
PPB have an increase absorptive GI permeability, as the 
binding to albumin improves circulation and decreases the 
cellular accumulation, which may also lead to limited 
efficiency of drug’s intestinal metabolism.74 Therefore, 
AntiOxCIN3 may benefit from these effects being well 
absorbed orally, similarly to what has been predicted for 
related compounds, like MitoQ.74

Interaction with Lipid Nanosystems Used 
as Cell Membrane Mimetic Models
The ability of a drug to permeate the cell membranes 
through the phospholipid polar head region, diffusing 
through the lipophilic hydrocarbon chains and emerging 
into the inner region of phospholipid polar headgroups is 
determinant for its body distribution.18,75 The ability of 
AntiOxCIN3 to interact with membranes depends on an 
appropriate balance between liposolubility and hydrosolu-
bility, which in turn is determined by its lipophilicity.16 

Although lipophilicity is usually expressed as a partition of 
the drug in the octanol/water system, lipid membrane/ 
water partition models, such as the PC model, are receiv-
ing increased attention as they can better predict drug 

Figure 3 Graphic representation of Rh obtained from DLS (A) and Zeta Potential 
values (B) for HSA and HSA-AntiOxCIN3 ([AntiOxCIN3] from 0 to 3.50×10−4 M), at 
three different temperatures represented by different colors and signs. The black 
dashed line shows the tendency for neutralization upon AntiOxCIN3 addition 
observed by increase values of Rh and zeta potential.
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biodistribution.15,34,48,76 In this regard, the concentration 
of the drug distributed in each phase of the binary lipid/ 
water system can be determined by UV-VIS 
spectrophotometry.44 Increasing concentrations of PC 
membrane model system promoted light scattering in the 
absorbance spectra of AntiOxCIN3, which results in 
increased baseline values. Derivative method was applied 
to eliminate the background signals’ effect and to improve 
the resolution of overlapping bands (Figure 4A).21,34,44

Thus, fitting the experimental data with Equation 1 
(Figure 4B) at wavelengths where the scattering is elimi-
nated (Figure 4A), a mean LogKd(PC) = 3.34 ± 0.02 (pH 
7.4) was obtained. This value indicates a moderate to high 
lipophilicity (0 < LogKd < 5) and is characteristic of a drug 
with a good balance between solubility and permeability, 
which can be translated as optimal for cell membrane 
permeation and low metabolic liability.16,77

Additionally, AntiOxCIN3 has shown similar values of 
LogKd(PC) in a wide pH range (Table S1). The lipophilicity 

properties of AntiOxCIN3 influence its biodistribution and 
bioaccumulation.16 Considering the LogKd(PC) obtained by 
derivative spectroscopy as representative of the distribu-
tion in cell membranes of different organ/tissue, it was 
possible to estimate AntiOxCIN3 bioaccumulation sites 
(Kbioaccumulation determined using Equation 15). In general, 
AntiOxCIN3 is likely to bioaccumulate at more peripheral 
tissues: adrenal glands (61.44%), thyroid (30.72%) and 
kidneys (3.07%).16

Besides the estimated bioaccumulation of AntiOxCIN3 

in off-target tissues, its ASI, that accounts for the partition-
ing of the drug in the adipose tissue, was determined to be 
3.105 ± 0.016 (Equation 16), suggesting a high distribu-
tion in these tissues comparable to other neutral drugs such 
as clobazam.49

Additional biodistribution parameters were also deter-
mined using the values of PPB to HSA and LogKd(PC) 

obtained. The unbound AntiOxCIN3 fraction in plasma 
and tissues were respectively determined as fu=0.052 

Figure 4 PC membrane model system partition coefficient of AntiOxCIN3 by derivative spectrophotometry: (A) Third derivative of AntiOxCIN3 (2.0×10−4 M) absorption 
spectra in aqueous buffered phase pH=7.4 (red), after incubation with PC membrane model system (0–3.0×10−3 M) (black) and PC membrane model system in the absence 
of AntiOxCIN3 (grey); (B) Non-linear fitting by Equation 1 of derivative absorbance at λ=341 nm as a function of PC membrane model system concentration. (C) Third 
derivative of the absorbance spectra and respective non-linear fitting by Equation 1 (dashed line) at several temperatures; (D) van’t Hoff plot representing the Gibbs free 
energy values as function of the inverse of temperature, in K−1, with the transition temperature between gel (Lβ’) and fluid (Lα) lipid phases highlighted.
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(Equation 20) and fut=0.011 (Equation 21). These para-
meters were used to obtain VDSS=1.89±0.43 L·Kg−1 

(Equation 19), which agrees with the ASI value obtained. 
Indeed, drugs with VDSS values between 1 and 5 L·Kg−1 

are characterized as having large volumes of distribution 
due to affinity for adipose tissues which hampers their 
elimination from the body.78 In fact the tendency to accu-
mulate in adipose tissues and the large VDSS prolong the 
half-life of the compound, reducing its elimination rate.79 

A large VDSS also means that the compound is more 
difficult to eliminate from the body by extracorporeal 
removal therapies (eg, dialysis).80

Lipophilicity is the net result of all intermolecular 
forces (hydrophobic, polar and/or ionic interactions) 
involved in the drug partition between two phases of 
different polarity.15 For the thermodynamic characteriza-
tion of the intermolecular mechanisms involved in the 
distribution of AntiOxCIN3 in membranes, the LogKd(PC) 

was determined at five different temperatures (Figure 4C). 
The values are summarized in Table S2. The graphic 
representation of ΔG values as function of 1/T (K−1) 
(Figure 4D where data was fitted using Equations 9 and 
10) evidenced a spontaneous process (ΔG < 0) with 
a biphasic behavior. The variation of enthalpy and entropy 
are related with the energetic requirements and the mole-
cular randomness (increase or decrease in the molecular 
disorder), respectively, implied in AntiOxCIN3 transfer 
from the aqueous phase to the lipid media. When the 
lipid membrane model is in the fluid phase, both variations 
of enthalpy and entropy have positive values (ΔH= 43.9 
KJ·mol−1 and TΔS= 0.200 KJ·mol−1), suggesting the pre-
sence of hydrophobic interactions between AntiOxCIN3 

and PC membrane model system.70 However, when the 
lipid membrane is in the gel phase, the negative variation 
of enthalpy and positive entropy variation (ΔH = −14.9 
KJ·mol−1 and TΔS = 0.012 KJ·mol−1) were indicative of 
the presence of strong van der Walls interactions. The 
biphasic behavior presented in Figure 4D suggests that 
with the temperature increase, the microviscosity and 
order of membrane decreased, which led to a better mem-
brane penetration of AntiOxCIN3. This is also corrobo-
rated by the higher negative values of free binding 
energies, which indicate greater affinity of the ligand to 
the membrane lipid network.81 Additionally, from the gel 
phase to the fluid phase, a significant increase in enthalpy 
variation occurred indicating that intermolecular forces are 
stronger in the fluid phase and suggesting an entropically 
driven distribution of AntiOxCIN3 in the membrane model 

system.70 Moreover, considering that at physiological tem-
perature (37 °C) cell membranes are mostly in the fluid 
phase (with more ordered domains confined to the lipid 
rafts),82 it can be concluded that AntiOxCIN3 tends to 
establish hydrophobic interactions with cell membranes 
in an entropic driven and spontaneous process.

To assess AntiOxCIN3 location in the membrane sys-
tem, four probes, covering both polar and hydrophobic 
core of the membrane bilayer, containing the same fluor-
escent group located at different and well-defined depths 
of the bilayer (n-AS, where n= 3, 6, 9 and 12) were 
used.21,45 The ability of AntiOxCIN3 to quench each 
probe was monitored to obtain information about how 
deeply AntiOxCIN3 was buried within the bilayer 
structure.21 As the LogKd(PC) values of AntiOxCIN3 in 
lipid phase were previously determined, the effective con-
centrations of AntiOxCIN3 in the membrane model sys-
tem – [AntiOxCIN3]M – are calculated using Equation 3.21 

In Figure 5A, it can be observed that all quenching pro-
cesses involved a static mechanism since the slope of the 
τ0/τ linear plot was nearly one. Static and collisional 
quenching can also be distinguished by their varying tem-
perature dependence (Table S3). When Ksv values increase 
with the temperature, there is an indication of collisional 
quenching because higher temperatures result in faster 
diffusion. In this case, higher temperatures resulted in 
lower KSV values as a result of the decoupling of the 
complex formed between the probes and AntiOxCIN3. 
Therefore, from the analysis of the quenching process 
one can conclude that the quenching occurred by a static 
mechanism.

Using Equation 2, KSV values were determined from 
the slopes of the linear plots of the probes 6, 9 and 12-AS 
(Figure 5A). A deviation from linearity was observed in 
the Stern–Volmer representation of steady-state data 
related with the fluorescence quenching of 3-AS probe 
(Figure 5A). When the deviation is in form of an upward 
curvature generally it means that the extent of quenching 
can be explained by two types of quenching mechanisms: 
collisional encounters and static binding between 
quencher and probe.40,45 However, in our case there is 
no collisional mechanism of quenching because the slope 
of the τ0/τ linear plot was nearly one and Ksv decreases 
with temperature increase. Importantly, downward curva-
tures were observed in charged quenchers upon binding to 
the probe (in this case the TPP cation is closely located to 
the carboxylate anion from the stearic acid of 3-AS 
probe). Therefore, the analysis of the quenching process 
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indicates a quenching occurring by a static mechanism, 
which suggests the existence of binding between 3-AS 
probe and a quencher group present in AntiOxCIN3. 
Consequently, it is possible to calculate KSV as an equili-
brium binding constant (ie, the inverse of dissociation 
constant, Kdiss, determined by fitting data according to 
a nonlinear regression model described in Equation 6). 
From the KSV values and using Equation 4, Kq values 
were obtained for all the probes and summarized in 
Table 1.

From the data acquired, it was concluded that 
AntiOxCIN3 was able to quench all the probes, with 
a more noticeable fluorescence quenching at 3-AS probe 
level. From the Kq values obtained, it is possible to 

establish a correlation with the quencher moieties present 
in AntiOxCIN3 and propose the most probable orientation 
of the drug in the lipid membrane. Considering the differ-
ent chemical groups present in AntiOxCIN3 structure, 
aromatic rings display higher ability to quench the 

Figure 5 (A) Stern-Volmer plots of the probes n-AS incorporated in the PC membrane system at 37 °C as a function of AntiOxCIN3 ([AntiOxCIN3]M). Different colors and 
signs represent the different probes used. The full line represents the linear fitting applied to steady-state data. The dashed line represents the linear fitting applied to the 
data obtained from lifetime measurements. (B) Schematic representation of the possible location of the n-AS (n=3, 6, 9 and 12) fluorescent probes and AntiOxCIN3 within 
PC molecules of the PC membrane system. Membrane microviscosity assessment studies in the presence (red) and absence (black) of AntiOxCIN3 and respective sigmoidal 
fits: (C) Anisotropy, rss, profile of DPH probe in the PC membrane model system dependent on the temperature with fitting using Equation 3; (D) Sigmoidal profile of 
normalized mean count rate (MCR) obtained by DLS as function of temperature with sigmoidal fit using Equation 14.

Table 1 Fluorescence Quenching Constants Obtained from 
Measurements of Fluorescence Quenching Studies for n-AS 
Fluorescence Probes in PC Membrane Model System at 37°C

Probe 3-AS 6-AS 9-AS 12-AS

KSV (M
−1) 11.25 1.54 2.99 2.90

Kq (M
−1∙s−1) 1.36 × 106 1.73 × 105 2.71 × 105 2.52 × 105

Abbreviations: KSV, Stern-Volmer constant; Kq, bimolecular quenching rate 
constant.
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fluorescence emission of the probes. Hence, it is possible 
to predict an extended molecular orientation of 
AntiOxCIN3 parallel to the long axis of the phospholipid 
acyl chains, as represented in Figure 5B. The data agrees 
with the values of the high lipophilicity determined.

Once AntiOxCIN3 is deeply inserted into the mem-
brane, it is crucial to understand how this compound can 
influence the physicochemical and biophysical state of the 
membrane bilayer. Parameters such as membrane fluidity 
and phospholipid order and/or packing play a key role in 
the maintenance of membrane dynamics that supports the 
most basic cellular functions21 and changes induced by 
drugs in these parameters can provide valuable informa-
tion on their therapeutic ability and possible toxic effects 
at membrane level. Membrane microviscosity changes 
upon addition of drugs are usually monitored by steady- 
state fluorescence anisotropy.21 Steady-state anisotropy 
(rss) changes are related to the alterations in the rotational 
movement of the probe caused by differences in the stiff-
ness of its surrounding matrix.21,34 Therefore, the rss of 
DPH probe was used to study the effect of AntiOxCIN3 on 
membrane’s fluidity (Equation 5). DPH locates at the 
hydrophobic region of the lipid bilayer, reporting the 
microviscosity of the acyl chains close to the center of 
the bilayer.83 In the gel phase (Lβ), the rss of DPH in PC 
membrane models was found to be between 0.32 (at 
22.2 °C) and 0.23 (at 40.4 °C), and a lipid main phase 
transition to the fluid phase (Tm Lβ → Lα) occurred at 
40.6 °C (Figure 5C black data). In the Lβ phase, the 
AntiOxCIN3 addition did not cause any significant change, 
since the rss values of the PC system with the drug were 
found to change between 0.33 (at 29.0 °C) and 0.24 (at 
40.3 °C), presenting a Tm Lβ → Lα at 40.5 °C (Figure 5C 
red data). As expected, in the Lα phase, the rss of DPH in 
PC membrane model assumes lower values from 0.17 (at 
41.2 °C) to 0.09 (at 55.7 °C). However, upon AntiOxCIN3 

addition, these values increase to 0.19 (at 41.2 °C) and to 
0.38 (at 54.0 °C). The surprising large increase of rss 

values promoted by AntiOxCIN3 reflects a higher lipid 
packing of the membrane model system in a deeper region 
where DPH is inserted. This is possibly due to 
AntiOxCIN3 intercalation in the hydrophobic region of 
the bilayer, as predicted by the location studies, and by 
the hydrophobic interactions that AntiOxCIN3 established 
with the phospholipids.

During the lipid phase transition there are distinct 
ordered phases,84 which are able to scatter light with differ-
ent intensities. Accordingly, it is possible to monitor, within 

a temperature range and using DLS, the average number of 
photons scattered (mean count rate, MCR) by the lipid 
membrane system.85 This type of measurement results in 
a sigmoidal profile as the one presented in Figure 5D. 
Applying Equation 14 to the acquired data, it was possible 
to determine B, in the absence and presence of AntiOxCIN3, 
as 589.9 and 901.1, respectively. B is intimately connected 
with the mean size of the ordered or fluid lipid regions that 
can exist at different transition stages. In practical terms, 
a high cooperative transition is characterized as a transition 
where the fluid regions increase very rapidly with 
a simultaneous fast decrease of ordered regions, while in 
a less cooperative system there is a co-existence of fluid and 
ordered regions on an appreciable range.84 Additionally, 
although the Tm Lβ → Lα remained constant, there was 
a clear difference in the fluid phase between the PC lipid 
system without and with AntiOxCIN3. The AntiOxCIN3 

addition provoked a clear increase in the number of photons 
detected in the fluid phase of PC lipid system, reflecting an 
increased stiffness when compared with PC membrane sys-
tem without AntiOxCIN3.85 This observation corroborates 
the membrane stiffness effect observed by steady-state ani-
sotropy studies. Thus, considering the gathered outcomes 
obtained by two different techniques, it was possible to 
conclude that AntiOxCIN3 addition to the PC membrane 
system promoted the formation of a tightly packed lipid 
structure.

The influence of AntiOxCIN3 on the biophysical proper-
ties of membranes, such as long-range bilayer order and 
hydrocarbon chain packing, was explored by SAXS and 
WAXS. In the Lβ phase, the SAXS pattern obtained for 
fully hydrated PC lipid system showed three Bragg peaks 
with characteristic positions of lamellar phases. Upon 
AntiOxCIN3 addition, the three Bragg peaks disappeared, 
originating a broader single peak (Figure S3). The less 
intense and broader Bragg peak revealed a disturbing effect 
of AntiOxCIN3 in the lipid structure. From the first-order 
Bragg peak of each lipid phase, long spacing (dL) and 
correlation length between bilayers (ξ) were determined 
(Equations 11, 12 and 13). The obtained profiles of dL values 
in the presence and absence of AntiOxCIN3 as function of 
temperature are represented in Figure S3. These profiles 
indicated that for all the temperatures dL increased upon 
AntiOxCIN3 addition. In fact, the incorporation of 
AntiOxCIN3 promoted an increase of the bilayer thickness 
up to approximately 20 Å, in the Lβ phase, and 30 Å, in the 
Lα phase. This substantial increase can result from changes 
in the hydration behavior and/or from an alteration in 
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phospholipid headgroups orientation, with reduction of the 
tilt angle of the chains, due to interaction with AntiOxCIN3. 
According to Fernandes et al,21 a difference of 6.1 Å in the 
bilayer thickness is expected when the loss of tilt angle of 
hydrocarbon chains occurs. However, the changes observed 
in the tilt angle alone are not enough to explain the increased 
dL observed due to the incorporation of AntiOxCIN3, which 
means that an increase in the hydration layer is likely to 
occur along with the changes in the tilt angle. Additionally, 
the deconvolution of the first-order Bragg peak in the pre-
sence of AntiOxCIN3 (Figure S3) showed a non-influenced 
phase (dL similar to that of pure PC membrane system) and 
an influenced phase (dL higher than pure membrane system). 
The incorporation of AntiOxCIN3 into PC membrane sys-
tems is responsible for pronounced changes in ξ values. In 

PC membrane system, diffraction peaks presented high ξ 
values – 13,291 Å (in the Lβ phase) and 8763 Å (in the Lα 

phase) – which indicated a good correlation between 
bilayers. When AntiOxCIN3 was added, these values 
decreased to 574 Å (in the Lβ phase) and 895 Å (in the Lα 

phase), which is indicative of a disturbing effect in the global 
molecular organization of the multilayer stack of lipid 
bilayer.

From the WAXS patterns obtained for PC membrane 
system (Figure 6A), a single symmetric Bragg peak was 
observed that allowed determining a short spacing dS value 
around 4.13 Å (Equations 11 and 12), characteristic of 
a hexagonal chain packing and a cross-sectional area of 
19.65 Å2.26 The high ξ value (Equation 13) obtained (1718 
Å) indicated a good correlation between bilayers. As 

Figure 6 WAXS patterns of PC membrane system in the absence (A) and presence (B) of AntiOxCIN3 with some temperatures highlighted in red.
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expected, after Tm Lβ → Lα (T>45 °C) there was no Bragg 
peak in the WAXS region since the lipid bilayers were in the 
fluid phase. Upon AntiOxCIN3 addition, the symmetric 
Bragg peaks gave rise to a double asymmetric Bragg peak 
with short spacings characteristic of a pseudo-hexagonal 
lattice of the chains in the bilayers (d20 = 4.14 Å and d11 

=4.18 Å) and a cross-sectional area of 19.93 Å2 (Figure 6B).
The intercalation of AntiOxCIN3 reduced the ξ (ξ = 

471 Å), suggesting a disturbing effect in membrane multi-
layer structure. For T>45 °C, where no Bragg peaks were 
expected to appear (due to the fluidization of the lipid 
bilayer), it was still visible an asymmetric single Bragg 
peak, with ds≈4.23 Å and a cross-sectional area of 20.81 
Å2, which only disappeared at T>50 °C (Figure 6B). The 
results obtained by a third different technique corroborate 
the membrane stiffening effect caused by AntiOxCIN3 

which was also observed by the other two techniques 
(DLS and steady-state anisotropy). As suggested by the 
thermodynamic studies, AntiOxCIN3 establishes hydro-
phobic interactions with membrane phospholipids. These 
interactions might be the cause for the membrane stiffen-
ing effect observed. Finally, the observed increase of lipid 
cross-sectional area upon AntiOxCIN3 addition indicates 
the penetration of the drug within the aliphatic core of the 
membrane confirming its intercalation between the hydro-
phobic lipid chains observed in the location studies.

BBB Membrane Interaction Studies
Drug delivery to the CNS represents a challenging task 
due to the presence of the BBB. It is one of the most 
important blood–CNS interfaces, protecting the brain from 
potentially harmful xenobiotics while simultaneously reg-
ulating the transport of essential molecules and maintain-
ing a stable milieu for neuronal function.86 The BBB 
gatekeeper function is essentially a result of the endothe-
lial cells lining the brain capillaries sealed together by an 
intricate network of tight junctions, which restrict severely 
the transport of the drugs. Since one of AntiOxCIN3 

potential therapeutic targets is the CNS, where the new 
chemical entity can exert its antioxidant effect, it is impor-
tant to predict its ability to permeate through BBB. 
Therefore, the BBB endothelial cellular membranes were 
mimicked by a lipid nanosystem composed of brain phos-
pholipids (BPL) and used as model to predict how 
AntiOxCIN3 interacts with BBB lipid barrier. This inter-
action can be inferred using derivative spectroscopy, as 
performed in the previous studies (Figure S4). In the third 
derivative of absorbance spectra an evident bathochromic 

shift occurred, suggesting changes in polarity of microen-
vironment surrounding AntiOxCIN3 due to its distribution 
in the lipid phase. A LogKd(BBB) of 3.64 ± 0.25 (Equation 
1) was obtained which is indicative of AntiOxCIN3 ten-
dency to distribute in BBB endothelial cell membrane. 
Moreover, several mathematical models and/or in silico 
descriptors can be used to classify a drug accordingly to 
its BBB distribution. Thus, a drug can be classified as 
BBB+ or BBB- using the threshold cut-offs described in 
the literature.87 From the application of Equation 17, it 
was possible to determine a LogBB of 2.77 ± 0.10, which 
suggests potential BBB permeability.88 Moreover, using 
Equation 18 and considering VWSAB as 0.59, a LogPS 
of −1.88 was obtained. Bearing in mind the reported cut- 
off schemes, AntiOxCIN3 is classified as BBB+.87 Thus, 
from the interaction studies of AntiOxCIN3 with BBB 
membrane model system, it is predicted that AntiOxCIN3 

can permeate BBB.
Considering the high distribution coefficient of 

AntiOxCIN3 in the BBB membrane system, SAXS studies 
were performed in BPL to study the possible order pertur-
bations caused by the drug in this biological interface. The 
SAXS pattern of BPL in the presence of AntiOxCIN3 

presents two Bragg peaks characteristic of a lamellar 
phase organization at 20 °C with a dL = 5.83 nm (Figure 
7). A high correlation between bilayers (ξ = 8918 Å) was 
obtained, suggesting that the drug does not disturb the 
multilayer stack of the lipid bilayer. However, as pre-
viously reported,89 at 20 °C the SAXS pattern of BPL 
presents a Lα phase with dL = 9.86 nm that upon heating, 

Figure 7 SAXS patterns of a BPL membrane model system in the presence of 
AntiOxCIN3 before (red line) and after (blue line) the transition between lamellar 
phase (Lα) to inverted hexagonal phase (HII).
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at 40 °C, is converted into an inverted hexagonal phase 
(HII), with a lattice parameter a=2d/√3=7.72 nm. The 4 nm 
decrease of dL value associated with the high correlation 
between bilayers suggests that AntiOxCIN3 addition pro-
vokes a reduction of the hydration layer between the lipid 
bilayers. Furthermore, upon the addition of AntiOxCIN3 to 
BPL a HII phase with a lattice parameter a = 7.59 nm is 
observed already at 30 °C (Figure 6C). The ability of 
AntiOxCIN3 to significantly decrease the Lα-to-HII phase 
transition temperature (TH) is relevant from a therapeutic 
point of view. Actually, a similar behavior was observed 
for some natural bioactive fatty acids on lipid 
membranes.90,91 The effects of these bioactive fatty acids 
included the capacity to reduce the blood pressure (HII 

phase induction has regulatory effects on G protein- 
associated signaling cascades); antiproliferative effects 
(HII phase induction promotes the subsequent recruitment 
of protein kinase C to the cell membrane) and the ability to 
promote membrane fusion and thus interfere with related 
cellular processes (endo/exocytosis, cell division).90 

Focusing on the effect of AntiOxCIN3 in BPL, the 
observed TH reduction can as well be related to membrane 
fusion processes92,93 and to an increase of BBB 
permeability,94 however this type of effects must be con-
firmed by cellular assays in a near future. However, at this 
point, it is possible to assure that the TH reduction effect 
observed by SAXS agrees with the BBB+ classification 
and supports the assumption that AntiOxCIN3 is able to 
permeate BBB.

Conclusions
In this study, the drug-like properties of AntiOxCIN3, 
a novel mitochondriotropic antioxidant previously 
described by Teixeira et al,10 were characterized using 
lipid nanosystems and serum protein as relevant biomi-
metic interfaces to obtain important information correlated 
with its in vivo biodistribution.

Our results demonstrated that AntiOxCIN3 is expected 
to be effectively absorbed in GI tract through transcellular 
process and reach the bloodstream. At the bloodstream, the 
compound is predicted to strongly interact with the plasma 
albumin, with more than 90% of AntiOxCIN3 binding to 
albumin, causing changes in protein conformation. The 
high affinity of AntiOxCIN3 to plasma protein is in line 
with its determined high lipophilicity. Tendency to bioac-
cumulate in peripheral tissues and adipose tissues is also 
predicted and corroborated by the VDSS value (1.89±0.43 
L·Kg−1). This value is in the range of the drugs often 

characterized by having a large volume of distribution 
and a slow rate of elimination from the body. Additionally, 
AntiOxCIN3 interacts with cellular membranes through 
hydrophobic forces and tends to be located parallel to the 
long axis of phospholipid acyl chains. In this interaction 
there are no signs of major disturbance on the membrane 
transition temperature and cooperativity which points to 
the absence of membrane biophysical impairment and thus 
lack of membrane toxicity. However, the preferred loca-
tion of the drug at bilayer level explains the observed 
increase in membrane stiffness confirmed by all the com-
plementary techniques applied (steady-state anisotropy, 
DLS, SAXS and WAXS). Considering the widespread 
involvement of oxidative stress in several diseases, includ-
ing disturbance effects observed at CNS level (eg, brain 
homeostasis disorders that predispose to neurodegenera-
tive conditions, harmful effects on the expression of 
important molecules involved in BBB integrity, and apop-
tosis of pericytes95) the predicted ability of AntiOxCIN3 to 
overcome BBB and exert its antioxidant effect in the brain, 
is a positive outcome when considering its potential ther-
apeutic use.

As reviewed by Murphy et al,13 the covalent link of 
a TPP lipophilic cation to improve the delivery of antiox-
idants has proven to be an efficient strategy in vivo. In 
fact, the results reviewed showed that this class of mito-
chondriotropic antioxidants (in which AntiOxCIN3 is 
included) are able to pass easily through all biological 
membranes, including BBB, and showed a tendency to 
be located at the hydrophobic portion of the lipid/water 
interface, ie, close to the phospholipids’ fatty acyl groups 
level. The ability of other type mitochondriotropic antiox-
idants to be absorbed from gut to the bloodstream was also 
reported.13 Overall, our results are in accordance with 
these studies, which reinforces the importance to use bio-
mimetic models as an approach for the prediction of the 
drug biological behavior, as well as, to understand how the 
molecular structure might affect such behavior. In this 
regard, our studies indicate that AntiOxCIN3 might have 
a good biodistribution profile, being able to be absorbed at 
GI tract and overcome membrane barriers of off-target 
tissues and BBB. The only hindrance to the effective 
biodistribution of AntiOxCIN3 may be its strong binding 
to HSA. However, this apparent drawback can be tuned 
with either a structural optimization to reduce AntiOxCIN3 

lipophilicity or its encapsulation in stealth nanocarriers 
systems. On the other hand, the strong HSA binding of 
MitoQ10 (lipophilic compounds similar to AntiOxCIN3) 
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has been reported as an advantage to avoid cellular accu-
mulation of compounds leading to limited intestinal meta-
bolic conversion and accelerating absorptive transport.74

Regarding the membrane toxicity effects of 
AntiOxCIN3, they seem to present no concern, as high 
molar ratios of the drug did not induce relevant membrane 
impairment, which can cause loss of membrane integrity. 
The major biophysical effects of this mitochondriotropic 
antioxidant was its surprising capacity to increase mem-
brane stiffness in the fluid phase and its ability to facilitate 
HII phase in BBB endothelial membrane model systems. 
The underlying mechanisms by which AntiOxCIN3 and 
other mitochondriotropic antioxidants influence mitochon-
drial membrane structure is currently being studied by our 
group and will be object of a follow up study.

In conclusion, herein we provide an innovative toolbox 
of biophysical studies, in silico predictors and lipid nano-
systems used as mimetic models to study the interaction 
between the drug and biological interfaces towards 
a comprehensive molecular-level understanding of drug’s 
biodistribution profile. This toolbox is a simple and useful 
approach for predicting future pharmacokinetic issues of 
novel drug candidates, in the early stages of pre-clinical 
studies of the drug development process. It can be used to 
scrutinize several optimize leads and select the ones that 
have potential better biodistribution profile to be tested 
in vivo. These in vitro assays are not surrogating in vivo 
assays, as they have limitations in mimicking the complex-
ity of biological barriers but will be essential to understand 
the molecular-level properties of novel drugs and drug 
candidates. Moreover, under controlled conditions that 
are not feasible in vivo, the in vitro assays may help to 
rationalize and predict interactions with the bioenviron-
ment. Finally, the work herein proposed is a contribution 
for the protection of animals used for scientific purposes 
(Directive 2010/63/EU) in agreement with the EU princi-
ples of Replacement (of animals for other in vitro models), 
Reduction (of animal tests) and Refinement (the 
“Three Rs”).
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