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A B S T R A C T   

Partitioning and effect of antiviral GC376, a potential SARS-CoV-2 inhibitor, on model lipid membranes was 
studied using dynamic light scattering (DLS), UV–VIS spectrometry, Excimer fluorescence, Differential scanning 
calorimetry (DSC) and Small- and Wide-angle X-ray scattering (SAXS/WAXS). Partition coefficient of GC376 
between lipid and water phase was found to be low, reaching KP = 46.8 ± 18.2. Results suggest that GC376 
partitions into lipid bilayers at the level of lipid head-groups, close to the polar/hydrophobic interface. Changes 
in structural and thermodynamic properties strongly depend on the GC376/lipid mole ratio. Already at lowest 
mole ratios GC376 induces increase of lateral pressures, mainly in the interfacial region of the bilayer. Hereby, 
the pre- and main-transition temperature of the lipid system increases, what is attributed to tighter packing of 
acyl chains induced by GC376. At GC376/DPPC ≥ 0.03 mol/mol we detected formation of domains with 
different GC376 content resulting in the lateral phase separation and changes in both, main transition temper-
ature and enthalpy. The observed changes are attributed to the response of the system on the increased lateral 
stresses induced by partitioning of GC376. Obtained results are discussed in context of liposome-based drug 
delivery systems for GC376 and in context of indirect mechanism of virus replication inhibition.   

1. Introduction 

Pathogens such as coronaviruses (CoVs) are considered to be the 
major agents of emerging respiratory disease outbreaks. COVID-19 is the 
disease caused by acute respiratory syndrome coronavirus SARS-CoV-2 
that emerged at the end of 2019 [36]. SARS-CoV-2 is a positive-sense 
single-stranded enveloped RNA virus that belongs to the β-lineage of 
the coronaviruses. CoVs genome with a size of 30 thousand bases en-
codes i.a. four vital structural proteins: nucleocapsid protein (N-pro-
tein), membrane protein (M-protein), envelope protein (E-protein), 
spike protein (S-protein), and two proteases: papain-like protease 
(PLpro) and 3-chymotrypsin-like protease (3CLpro), also called the main 
protease Mpro. Mpro is a key viral enzyme essential for the viral life cycle 
of CoVs, involved in the process of transcription and replication [6,15]. 
The structure of Mpro is highly conserved among coronaviruses. There-
fore, it has been studied as a potential pharmacological target for spe-
cific antiviral drugs either using computer simulation techniques [10, 
56] as well as in experiments in vitro [1,22] and in vivo [23]. 

GC376, a dipeptide-based bisulfide adduct prodrug of aldehyde 
GC373, was discovered to strongly inhibit the Mpro of feline coronavirus 
FCoV [22]. Further studies showed its potency against a number of other 
coronaviruses including SARS-CoV-2 [16,51,52]. GC376 does not 
inhibit the unrelated influenza H1N1 virus, what suggests that its anti-
viral activity is specific [33]. The inhibition of Mpro by GC376 was 
determined within IC50 = 0.03–0.16 µmol.l− 1. The potent antiviral ac-
tivity of GC376 against SARS-CoV-2 in the primary viral cytopathic ef-
fect assay reaches values of EC50 = 2.19–3.37 µmol.l− 1 [16,33]. At the 
same time, the cytotoxicity of GC376 is low, with CC50 > 100 µmol.l− 1, 
thus is well-tolerated [33]. Recently, a dual mechanism of GC376 action 
by inhibiting both viral Mpro and host cathepsin L in Vero cells was 
supported by SARS-CoV-2 pseudovirus neutralization assay [15]. 

Solubility, as well as permeability and metabolic stability, affect oral 
bioavailability of a drug in vivo and contributes to accurate and reliable 
in vitro assays. The drug must pass across one or more phospholipid 
bilayers to reach the intracellular targets and elicit a response to their 
pharmacological action. The body’s physiological processes like 
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opsonization or biotransformation issues are avoided by delivery sys-
tems for drug targeting. Targeted delivery systems seem to be necessary 
for drugs having low specificity, low therapeutic index, low absorption, 
short half-life, or a large volume of distribution. The use of stimuli- 
responsive lipid-based delivery systems take advantage of their sensi-
tivity to both the endogenous stimuli, such as a change in temperature or 
glutathione concentration, and external stimuli, such as light or mag-
netic field [55]. Understanding the role of drug-lipid interactions on the 
pharmacokinetic properties of drugs is critical also in developing potent 
new antivirals [39]. According to Lipinski’s rule [30], one of the pa-
rameters determining the bioavailability of a drug is its lipophilicity. 
GC376 has poor water solubility; critical micelle concentration of 
GC376 represents 96.7 mmol.l− 1 [51]. 

Moreover, lipids play an essential role during viral infection 
involving membrane fusion of virus to host cell, viral internalization 
through receptor-mediated or lipid-microdomain-mediated endocytosis, 
viral replication and viral exocytosis. Coronaviruses bud from the 
endoplasmic reticulum/Golgi intermediate complex and exit via lyso-
somal secretion, thus the composition of the virion envelope signifi-
cantly differs from plasma membrane. Lipidomic analysis of viral lipids 
extracted following infection of VeroE6 and A459 cells detected ⁓260 
lipid species. The most abundant were phosphatidylcholines (PCs), 
phosphatidylethanolamines (PEs) and phosphatidylinositols (PIs) with 
fatty acid composition predominantly 16:0, 18:0, 18:1 [41]. Saud et al. 
[41] suggest the accessibility and importance of these lipids, which are 
unlikely to be affected by mutation of the virus, as potential target for 
antiviral approaches. 

Here we present results that may help to complement lacking in-
formation on interactions of GC376 with lipid membranes. First, we 
used dynamic light scattering to elucidate the effect of GC376 on the size 
of unilamellar lipid vesicles (ULVs). Vesicle size may affect bioavail-
ability and delivery to tissues outside of the vascular space. The partition 
coefficient KP of GC376 between the water and the fluid lipid phase was 
determined using UV–VIS spectrophotometry. The lipid-water partition 
coefficient is a useful parameter in study of quantitative structure- 
activity relationships and in evaluating the permeability of drugs 
across the membrane. By definition, the partition coefficient does not 
offer any kind of topographical information about the drug localization 
in a membrane, which can be either adsorbed at the membrane surface 
or, in the case of a nonpolar species, intercalated within the hydrophobic 
part. We aimed to elucidate the information about GC376 localization 
within the membrane by monitoring the bilayer lateral pressure change 
using excimer fluorescence spectrometry. To study the effect of GC376 
on the thermodynamic properties of model membranes in ULVs, dif-
ferential scanning calorimetry (DSC) was used. The obtained thermo-
dynamic parameters related to interactions of the drug with the lipid 
bilayer can be useful at the drug carrier designing when considering the 
drug bioavailability and stability of the drug-lipid suspensions. Finally, 
the structure of the lipid-GC376 system was investigated using small- 
and wide-angle X-ray scattering to get a detailed view about interaction 
of the antiviral with model lipid bilayer on molecular level. 

As a model of fluid membrane in KP, vesicle size and lateral pressure 
determination we used bilayers prepared from synthetic dio-
leoylphosphatidylcholine (DOPC), a lipid frequently used in liposomal- 
based drug-delivery systems [26,29,42]. In calorimetric and structural 
studies dipalmitoylphosphatidylcholine (DPPC) was used as a model of 
thermosensitive liposome [26,29]. DPPC-based liposomes display 
slower in vivo elimination rate [28] and less obvious Accelerated blood 
clearance phenomenon compared to DOPC-based liposomes [54]. 

2. Materials and methods 

2.1. Chemicals 

Synthetic lipids (DOPC, 1,2-dioleoyl-phosphatidylcholine; DPPC, 
1,2-dipalmitoyl-phosphatidylcholine) were purchased from Avanti 

Polar Lipids (Alabaster, USA) and used without further purification. 
GC376 (sodium salt) was purchased from Biosynth Carbosynth (Bra-
tislava, Slovakia). Excimer fluorescence probes (Pyr4PC, 1,2-bis-pyrene-
butanoyl-phosphatidylcholine; Pyr10PC, 1,2-bispyrenedecanoyl- 
phosphatidylcholine) were purchased from Thermo Fisher Scientific 
(Massachusetts, USA). Chemical formulae of used chemicals are depic-
ted on Fig S1. Organic solvents of spectral purity from Slavus (Bratislava, 
Slovak republic) were redistilled before use. 5 and 150 mmol.l− 1 NaCl 
stock hydration media were prepared by dissolution of appropriate 
amount of sodium chloride (Lachema; Brno, Czech Republic) in MilliQ 
water (18.2 MΩ.cm, Millipore; Molsheim, France). 

2.2. UV–VIS spectrometry 

UV–VIS spectrometry was used for determination of partition coef-
ficient of GC376 between lipid and water phase. GC376 was dispersed in 
NaCl hydration medium by a method of sequential hydration, described 
in [51], one day before the experiment. Briefly: Appropriate amount of 
GC376 was weighted into a conical vial and NaCl hydration medium was 
added in 0.5 µl increments at laboratory temperature. After each addi-
tion the mixture was vortexed and sonicated in a water bath for several 
times. This procedure was repeated until a clear, transparent solution of 
GC376 was obtained. Full dissolution of GC376, without presence of any 
aggregates, was proven by UV–VIS spectrometry; the absorption spectra 
of stock GC376 solution showed background close to zero, without any 
signs of scattering (Fig. 2). Multilamellar dispersion of DOPC was pre-
pared on the day of experiment by dissolution of dry DOPC in appro-
priate amount of 150 mmol.l− 1 NaCl hydration medium. Dispersion was 
homogenized by several thaw-freeze cycles and vigorous vortex mixing. 
Unilamellar DOPC vesicles (ULVs) were prepared by 51-times extrusion 
through 50 nm pores in carbohydrate filters (Nuclepore, USA) using 
Liposofast Basic Extruder (Avestin, Canada) at laboratory temperature 
[32]. A series of samples at concentrations of DOPC ULVs cDOPC =

0.05–2.4 mmol.l− 1 was prepared by dilution of corresponding amount of 
ULV dispersion with 150 mmol.l− 1 NaCl hydration medium. Solution of 
GC376 was added into each sample, to reach final concentration of 
cGC376 = 1 mg.ml− 1. Sample concentration of GC376 was chosen as 
described in Results section. The system was incubated for 2 h with 
occasional vortexing at laboratory temperature prior to measurement. 
pH of prepared samples was within the range of pH = 6.6–6.8. Ab-
sorption spectra of prepared samples in a range of wavelengths λ =
190–820 nm were measured using a diode array spectrophotometer 
Agilent 8453 (Agilent Technologies, USA) in quartz cuvettes with opti-
cal path length of 1 cm. 150 mmol.l− 1 NaCl hydration medium was used 
as a blank. Partition coefficient of GC376 between the lipid and water 
phase KP was determined from obtained spectra as described in [12]: 
The scattering signal of ULVs was eliminated by numerical approxima-
tion of simplified Rayleigh’s scattering function (Fig. S2) Aλ = a.λb, 
where Aλ is the absorbance at given wavelength λ and a, b are constants. 
The lipid/water partition coefficient of GC376 defined as 

KP =
nGC376− DOPC/ VDOPC

nGC376− w / Vw
(1)  

was determined by simultaneous fitting of Aλ
diff = f(cDOPC) dependence 

for odd λ = 251–263 nm with a function 

Adiff
λ =

l.nGC376(εGC376− wVw + εGC376− DOPCKPVDOPC)

KPVDOPC + Vw
(2)  

where Aλ
diff is the absorbance read from the difference spectra (i.e. after 

subtraction of scattering function); cDOPC is sample concentration of 
lipid; nGC376 is total number of moles of GC376 in a given volume, which 
equals the sum of number of moles of GC376 in water and lipid phase, i. 
e. nGC376 = nGC376-w+nGC376-DOPC; εGC376-w and εGC376-DOPC are molar 
absorption coefficient of GC376 in water and in lipid phase, respec-
tively; Vw and VDOPC are molar volumes of water and lipid. Molar 
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volume of the water phase can be expressed as Vw = 1-VDOPC. Molar 
volume of the lipid phase is defined as VDOPC = nDOPC. MDOPC/ρDOPC, 
where nDOPC is number of moles of lipid; MDOPC is molar mass of lipid 
and ρDOPC is density of lipid. For DOPC a value of ρDOPC = 1.0096013 g. 
ml− 1 [45,47] was used. 

2.3. Dynamic light scattering (DLS) 

Method of DLS was used to check the size and polydispersity of ULVs 
in samples prepared for determination of KP (Section 2.2). Side scat-
tering (90◦) was collected using Litesizer 500 (Anton Paar, Austria) over 
60 runs; duration of a single run was 10 s. Measurement was performed 
in a disposable cuvette at 25 ◦C with equilibration time of 60 s. Sample 
temperature was controlled through a Peltier to within ± 0.1 ◦C. Three 
independent measurements were performed for each sample. Experi-
mental data were evaluated by the DLS analysis software, where the 
hydrodynamic diameter Dh is calculated using the Stokes-Einstein 
equation 

Dh =
kBT

3πηDt
(3)  

where Dt is translational diffusion coefficient, kB is Boltzmann’s con-
stant, T is thermodynamic temperature and η is dynamic viscosity. 

2.4. Excimer fluorescence 

For detection of lateral pressure change across the DOPC bilayer in 
presence of GC376 the method of excimer fluorescence was used [7]. 
Two sets of samples were prepared in order to monitor lateral pressure 
change in different depths of the bilayer, depending on the position of 
the pyrene moieties in bispyrenyl fluorescent probes (PyrnPC, n = 4, 10) 
[43]. DOPC, Pyr4PC and Pyr10PC, respectively, were dissolved at 
known concentrations in an organic solvent (methanol:chloroform =
1:1 vol/vol), GC376 was dissolved in ethanol. Required volumes of 
DOPC, GC376 and PyrnPC were mixed together. The organic solvent was 
evaporated under a stream of nitrogen gas and its rests removed under 

Fig. 1. Polydispersity index (Panel A) and hydrodynamic diameter Dh (Panel B) of DOPC+GC376 vesicles in NaCl hydration medium as a function of GC376/DOPC 
mole ratio. Error bars represent the standard deviation of three measurements; dashed line is the error weighted best linear fit of the experimental points. 

Fig. 2. Panel A: UV–VIS absorption spectra of GC376 in NaCl hydration medium without ULVs at designated GC376 concentration. Panel B: Selected UV–VIS 
absorption spectra obtained for GC376 after incubation with DOPC ULVs of designated concentration in NaCl hydration medium before (main graph) and after (inset) 
subtraction of Rayleigh’s scattering on ULVs. 
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vacuum. Dried samples were hydrated by addition of 150 mmol.l− 1 

NaCl hydration medium and homogenized by vigorous vortex mixing. 
Prepared dispersions were sonicated during several seconds and stored 
one day in a refrigerator for equilibration. Prior to measurement, sam-
ples were vortexed and mildly sonicated again. The final concentration 
of DOPC+GC376 was 0.1 mmol.l− 1 and the PyrnPC:(DOPC+GC376) 
mole ratio was 1:1500. Fluorescence measurements were performed 
using a quartz cuvette with optical path length of 1 cm in a fluorimeter 
FluoroMax-4 (HORIBA Jobin Yvon, France). The emission spectrum was 
collected after excitation at λex = 345 nm in the region of λem 
= 360–650 nm with the increment of 0.5 nm and integration time for 
each wavelength 0.1 s. The excitation and emission bandwidths were 5 
and 2 nm, respectively. Fluctuation of fluorescence intensity was 
monitored at λex = 345 nm and fixed emission, λem = 376 nm (pyrene 
monomer emission) and 481 nm (pyrene excimer emission), respec-
tively, during 120 s (Fig. S5). Measurements were performed at 25, 30, 
37 and 42 ◦C; temperature of the sample was regulated to within 

± 0.01 ◦C by a Peltier thermocouple drive. Correction for spectral 
response was applied, i.e. the value of S1c/R1c was monitored, where 
S1c and R1c denote the signal detector and reference (lamp) detector 
corrections, respectively, for wavelength- and time-dependent response. 
The ratio of the excimer-to-monomer intensities provide a measure of 
lateral pressure η within the bilayer plane [44]: 

η =
IE

IM (4)  

where the IM and IE denote the average intensity of the monomer and 
excimer emission detected at 376 and 481 nm, respectively, during 
time-based measurement. 

2.5. Differential scanning calorimetry (DSC) 

Effect of GC376 on phase transition temperatures and thermody-
namic parameters of model DPPC membranes was determined using a 
Nano DSC calorimeter (TA Instruments, USA). Samples were prepared as 
follows: DPPC and GC376 were dissolved at known concentrations in 
methanol and ethanol, respectively. Required volumes of DPPC and 
GC376 solutions were mixed together, the organic solvents were 
removed under a stream of nitrogen gas and rests removed under vac-
uum. Dry films were hydrated using 5 mmol.l− 1 NaCl hydration me-
dium, to obtain lipid dispersions of 5 mg.ml− 1 concentration. Low 
concentration of NaCl, compared to other techniques, was used to pre-
vent deformation of calorimetric traces observed at higher ionic 
strengths [4]. Samples were homogenized by vigorous vortexing and 
freezing-thawing cycles and stored in a refrigerator overnight. There-
after, samples were diluted in a 1:4 vol/vol ratio using 5 mmol.l− 1 NaCl 
hydration medium. To prevent sedimentation of liposomes during the 
measurement, dispersions were extruded through 100 nm pore-size fil-
ter (Nuclepore, USA) in a LiposoFast LF-50 extruder (Avestin, Canada) at 
60 ◦C. Prior to measurement ULV samples were degassed using a 
Degassing station (TA Instruments, USA) for 15 min at temperature 4 ◦C 
and pressure 230 Torr. 

The DSC reference cell was loaded with 5 mmol.l− 1 NaCl hydration 
medium. No pressure was applied during the measurement. Three 
heating-cooling cycles were measured for each sample in a temperature 
range 5–60 ◦C with a heating rate of 1 ◦C.min− 1 and a pre-equilibrium 
halt of 1000 s. The third heating scan of each sample was chosen for 
evaluation using the OriginPro program (OriginLab Corp., USA). In the 
excess heat capacity thermograms Cp = f(t) first a linear baseline, ob-
tained by extrapolation of pre- and post-transition output, was sub-
tracted. Experimental data were then fitted by an asymmetric Pearson 
function 

Cp =
Cmax

p
[

1 + 4
(

t− tmax

Δt1

)2(
2

1
Δt2 − 1

)]Δt2
(5)  

where Cp
max is heat capacity maximum; tmax is temperature corre-

sponding to Cp
max, corresponding thus to phase transition temperature; 

Δt1 and Δt2 are half-widths of the peak. The change in enthalpy ΔH was 
calculated by standard integration procedures [13]. 

2.6. X-ray scattering 

In order to investigate the structure of DPPC+GC376 complexes 
small- and wide-angle X-ray diffraction (SAXS/WAXS) experiments were 
performed on beamline BL11-NCD-SWEET at the ALBA synchrotron 
(Barcelona, Spain). Samples were prepared in advance following the 
procedure described in Section 2.5. Dry lipid film was hydrated by 
150 mmol.l− 1 NaCl hydration medium to obtain 16 mg.ml− 1 disper-
sions. Samples were homogenized by vigorous vortexing and freezing- 
thawing cycles. After that, samples were centrifuged at 13,000 rpm for 
2 min using Minispin centrifuge (Eppendorf, Germany). The sediment 
was transferred into thin-walled quartz capillaries (Hilgenberg, Ger-
many) with a diameter of 1.5 mm and closed with a plasticine. Mea-
surements were performed using a monochromatic radiation of 
wavelength 0.12 nm. The capillary samples were placed vertically in a 
Linkam stage, which provided the temperature control. Samples were 
measured at 20 and 60 ◦C. The heating program was as follows: 3 min 
incubation of a sample at respective temperature, 1 s exposure, heating 
to next temperature with a ramp of 1 ◦C.min− 1. Selected samples were 
measured repeatedly to exclude possible radiation damage due to 
selected exposure time. SAXS data were detected on a Pilatus 1 M de-
tector calibrated using AgBh [14]. WAXS data were detected on a 
LX255HS Rayonix detector calibrated using Cr2O3 (certificate SRM 
674b, NIST, USA). The 2D scattering patterns were azimuthally inte-
grated into 1D data using the pyFAI python library [21]. Intensity pro-
files were normalized to the intensity of the incident beam. The 
diffraction peaks were fitted with Lorentzian functions and linear 
background [37]. The bilayer repeat distance d of the lamellar phase 
was calculated as 

d = 2π/q (6)  

where q is the position of the first lamellar SAXS peak. 

3. Results 

3.1. Vesicle size 

As a model lipid system ULVs prepared from DOPC were used, due to 
the fluid phase of this lipid at laboratory temperature [35]. Gel phase 
lipid would provide more distorted data, as a consequence of the higher 
refractive index of bilayers in comparison to the fluid phase [40]. For all 
measured samples the correlation function showed a smooth single 
exponential decay suggesting a relatively monodisperse system of 
small-sized vesicles and absence of aggregates (Fig. S2A). The vesicle 
size distribution proved the uniformity of vesicles in all samples 
(Fig. S2B). Broadness of the vesicle size distribution is given by a poly-
dispersity index (PDI) value. 

Fig. 1 shows PDI as a function of GC376/DOPC mole ratio. Poly-
dispersity of vesicle size was not changing with the GC376/DOPC mole 
ratio; the mean polydispersity index (PDI) reached a value of 10.3 
± 2.7%, what indicates that all of the measured ULVs have almost the 
same size [2]. The hydrodynamic diameter of DOPC+GC376 vesicles 
showed an increasing dependence on GC376/DOPC mole ratio (Fig. 1B), 
from initial 90.2 ± 2.1 nm obtained for pure DOPC ULVs up to 104.5 
± 2.1 nm at nGC376/nDOPC = 39.4 mol/mol. Noticeably, these values 
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does not correspond to absolute vesicle size. Since DLS measures the 
average hydrodynamic diameter of the particles, the mean diameter 
measurements are shifted towards larger values. Moreover, synthetic 
lipid vesicle systems exhibit a pronounced hydration shell of 10–16 nm 
[49], which is also included in the vesicle size values. Anyway, the 
observed increase in Dh with GC376 concentration indicates that GC376 
molecules interact with DOPC bilayers. To quantify this interaction 
partition coefficient of GC376 between the water and lipid phase has 
been determined. 

3.2. Partition coefficient 

First, we measured the absorption spectra of GC376 in NaCl hydra-
tion medium without ULVs. At concentrations below 0.1 mg.ml− 1 

GC376 (Fig. 2A inset) a single well-resolved absorption peak was 
detected with a maximum at λ = 206 nm. This peak lies in the region of 
absorption of lipid molecules [12], thus it is not suitable for determi-
nation of KP. By a tenfold increase of GC376 concentration, we suc-
ceeded to obtain a group of absorption bands, typical for conjugated 
double bonds, with a maximum at λ = 257 nm (Fig. 2A). From the value 
of absorbance at 257 nm a molar absorption coefficient of GC376, ε257 
= 182.48 cm2.mmol− 1, was determined. 

Consecutive increase of GC376 concentration led to proportional 
increase in absorption, however the resolution of the bands improved 
only slightly. Position of the maxima did not change with concentration. 
According to DLS results, the interaction with GC376 increases the size 
of ULVs, what in turn affects the light scattering on ULVs. Concomi-
tantly, a significant increase in absorption values is expected. For further 
experiments a total sample concentration of 1 mg.ml− 1 GC376 was 
chosen, in order to obtain well-resolved spectra at measurable absor-
bance values. 

Typical absorption spectra obtained for GC376 after incubation with 
DOPC ULVs are displayed on Fig. 2B. As supposed, with increasing 
DOPC concentration an increase in absorption values and resultant 
deformation of GC376 absorption spectrum was detected. The unwished 
background was eliminated by fitting (Fig. S3). Resulting difference 
spectra (Fig. 2B inset) showed background close to A = 0, what indicates 
that the scattering was satisfactorily eliminated. 

KP was determined from changes in GC376 absorbance, caused by 
binding of GC376 to ULVs, by simultaneous fitting of Aλ

diff = f(cDOPC) 
dependence for odd λ = 251–263 nm, as described in Section 2.2. A 

nonlinear least squares method was used to approximate each depen-
dence by a theoretical function (Eq.2). Fitted experimental dependences 
are summarized on Fig. S4. High values of correlation coefficient of 
approximations (r2 = 0.994–0.998) give the evidence that used theo-
retical function satisfactorily fit all experimental points and may thus be 
used for determination of KP. Value of GC376 partition coefficient 
determined in the DOPC/water system represents KP = 46.8 ± 18.2. 

3.3. Lateral pressure 

Lateral pressures in the acyl chain region near the hydrophilic/hy-
drophobic interface and near the bilayer core were monitored using 
Pyr4PC and Pyr10PC fluorescence probes, respectively. Fig. 3A shows 
typical emission spectra obtained for pure DOPC bilayers in 150 mmol. 
l− 1 hydration medium at 25 ◦C. Two intensive monomer emission peaks, 
at λM = 376 and 396 nm, corresponding to pyrene vibronic bands I and 
IV, and a broad unstructured excited state dimer (excimer) emission 
band, with a maximum at λE = 481 nm, that involves interaction of two 
periplanar pyrene groups, can be resolved [3]. Spectra are normalized to 
the intensity of the first monomer maxima, INorm

M (376) = 100. Thus, by 
simple comparison of excimer intensities we can deduce, that lateral 
pressure is lower in the hydrophobic interior of the bilayer than near the 
hydrophilic/hydrophobic interface, as a consequence of INorm

E (Pyr10PC) 
< INorm

E (Pyr4PC). To quantify this difference, the ratio of 
excimer-to-monomer emission intensities (Eq. 4) was calculated. This 
ratio provides the measure of the rate of excimer formation, which is 
determined by the frequency of collisions between pyrene moieties, and 
hence can be related to parameter describing the lateral pressure η 
within the bilayer plane. Increasing the pressure increases the average 
number of collisions per second and so enhances the probability of 
excimer formation [7]. For pure DOPC values of ηPyr4PC = 1.135 
± 0.030 and ηPyr10PC = 0.558 ± 0.011 were obtained by respective 
fluorescence probes. 

The dependence of lateral pressure on GC376/DOPC mole ratio as 
detected by the Pyr4PC and Pyr10PC fluorescence probes at 25 ◦C is 
shown on Fig. 3B. With increasing amount of GC376 an increase of 
lateral pressure is observed up to 0.05 mol/mol. Over 0.05 mol/mol the 
value of lateral pressure changes only within the experimental error. 
This trend was observed for both fluorescence probes used. However, 
the lateral pressure increase detected by Pyr4PC is, compared to the 
increase detected by Pyr10PC, three times higher. 

Fig. 3. Panel A: Normalized fluorescence emission spectra of Pyr4PC and Pyr10PC in DOPC bilayers at 25 ◦C with designated vibronic bands of pyrene monomer (I- 
V). Schemes represent the pyrenyl fragments of the lipid-based probes in the monomer and dimer organization at corresponding wavelength regions. Panel B: Lateral 
pressure as a function of GC376/DOPC mole ratio detected by Pyr4PC and Pyr10PC fluorescence probes, respectively, at 25 ◦C. Error bars denote the standard 
deviation determined from the time-based measurements of fluorescence intensities. 
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With increasing temperature, the increase of lateral pressure as a 
function of nGC376/nDOPC becomes more significant, both for Pyr4PC and 
for Pyr10PC, respectively. The dependence of lateral pressure on the 
temperature for selected GC376/DOPC mole ratios as obtained by 
Pyr4PC and Pyr10PC is shown on Fig. S6. For a given mole ratio, the 
lateral pressure increases linearly within the studied temperature range. 
In case of pure DOPC the lateral pressure increases with temperature 
more steeply close to the hydrophilic/hydrophobic interface than in the 
bilayer hydrophobic core, as deduced from the comparison of the slopes, 
aPyr4PC = 0.053 > 0.028 = aPyr10PC. Observed temperature induced in-
crease of lateral pressure is in accord with previously reported data, 
however the absolute value of the increase differs to a = 0.0161 obtained 
with Pyr10PC [50] and a = 0.0541 obtained with Pyr14PC [25] in DOPC 
bilayers. With increasing GC376/DOPC mole ratio further increase of 
the slope is observed for Pyr4PC, while for Pyr10PC the slope changes 
with GC376/DOPC mole ratio only within the experimental error. 

3.4. Thermodynamic parameters 

For DPPC liposomes, we observe two phase transitions within the 
studied temperature range (Fig. 4): a pre-transition between the highly 
organized Lβ’ gel phase and the rippled Pβ gel phase, and a main tran-
sition between the Pβ phase and the disordered liquid-crystalline Lα 
phase. The slight asymmetry of the main transition peak on the left side 
is typical for DPPC liposomes extruded through filters with small pore- 
size [9]. With increasing amount of GC376 the intensity of the 
pre-transition systematically decreases and finally, at 0.03 mol/mol the 
pre-transition disappears. The main transition displays broadening upon 

increasing GC376/DPPC mole ratio. Up to 0.01 mol/mol endotherms 
were fitted with a single-Pearson function, reaching correlation coeffi-
cient of fitting r2 > 0.999. The endotherm measured at 0.03 mol/mol 
was at the first attempt fitted with a single-Pearson function; the cor-
relation coefficient of this fit was r2 = 0.992. However, a double-Pearson 
fit yielded a better correlation with r2 = 0.999. Thus, we assume, that 
already at 0.03 mol/mol a splitting of the endotherm is present. At 
higher GC376/DPPC mole ratios the splitting was more obvious, these 
endotherms could be satisfactorily fitted with two Pearson functions 
(Fig. S7). 

Phase transition temperatures and transition enthalpies as deter-
mined from the heating endotherms are shown on Fig. 5 as a function of 
GC376/DPPC mole ratio. For the pre-transition of pure DPPC these 
values represent tp = 33.1 ◦C and ΔHp = 3.76 kJ.mol− 1, for the main 
transition tm = 40.8 ◦C and ΔHm = 38.22 kJ.mol− 1 were obtained. 
These results fit well within the range of values determined previously 
for DPPC in DSC studies [38,46]. 

With increasing amount of GC376 the pre-transition temperature 
significantly increases, whereas the enthalpy decreases, reaching tp 
= 36.0 ◦C and ΔHp = 0.69 kJ.mol− 1, respectively, at 0.01 mol/mol. The 
main transition shows in this concentration range similar tendency, both 
for transition temperature tm as well as for transition enthalpy ΔHm. But, 
starting at 0.03 mol/mol the increase of tm and the decrease of ΔHm 
becomes less steep and stabilizes at values of ⁓ 41.3 ◦C and ⁓ 5.5 kJ. 
mol− 1, respectively. The flattening of the dependences is accompanied 
with the appearance of a new phase. In the following text, we will refer 
to the original phase as the L phase and the new phase as the Ln phase. 
Main transition temperature of the Ln phase is systematically higher, 
compared to the L phase. Hereby, the melting enthalpy of the Ln phase 
exceeds the enthalpy of the L phase and increases with the amount of 
GC376. 

3.5. Structural parameters 

Based on DSC results, SAXS/WAXS experiments for DPPC and 
DPPC+GC376 complexes were performed at 20 and 60 ◦C, in order to 
investigate structural changes in the gel and liquid-crystalline phase, 
respectively. Typical SAXS and WAXS patterns obtained for the studied 
systems are displayed on Fig. 6. DPPC forms in excess water lamellar 
phase with equidistantly stacked bilayers separated by aqueous layers. 
Consistently, two equidistant peaks were detected in the SAXS region at 
both temperatures. In the WAXS region two peaks can be distinguished 
at 20 ◦C (Panel A), a narrow (20) peak at q ⁓ 14.83 nm− 1 and a broad 
(11) peak at q ⁓ 15.27 nm− 1, which are characteristic for the Lβ’ gel 
phase with chains packed in a distorted hexagonal sublattice and tilted 
towards the nearest neighbours [34]. At 60 ◦C (Panel B) a wide diffuse 
scattering was detected in the WAXS region. Such patterns are typical for 
the lamellar fluid Lα phase with conformationally disordered hydro-
carbon chains due to increased trans-gauche isomerization. 

The addition of GC376 has a significant effect on SAXS/WAXS pat-
terns predominantly in the gel phase (20 ◦C, Fig. 6A). Starting at GC376/ 
DPPC = 0.05 mol/mol the SAXS peaks display visible broadening. 
Consequently, each peak of Lβ’ lamellar phase was fitted as a super-
position of two Lorentzian functions. The WAXS patterns show upon 
increasing amount of GC376 a systematic decrease in the intensity and 
shift in the position of the (20) peak towards higher q-values. At the 
same time, the intensity and the position of the (11) peak does not 
change significantly. In the fluid phase (60 ◦C, Fig. 6B) all SAXS patterns 
could be satisfactorily fitted with a single Lorentzian function. A sig-
nificant change in the peak’s maximum position accompanied with a 
decrease in their intensities is observed at 0.05 mol/mol. The WAXS 
region shows at 60 ◦C a diffuse scattering at all GC376/DPPC mole ratios 
studied. 

The repeat distance d, defined as the thickness of the lipid bilayer 
(dL) plus the water layer (dW) separating the bilayers, was derived from 
the position of first peak (01) maximum according to Eq. 6. DPPC at 

Fig. 4. Temperature dependence of the heat capacity Cp obtained upon third 
heating of the DPPC+GC376 system at different GC376/DPPC mole ratios. The 
insets represent 60 times enlarged areas of the pre-transition peak. 

1 Value of slope obtained by fitting of digitalized data from the related 
articles. 
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20 ◦C shows a repeat distance of d = 6.31 ± 0.01 nm, which well agrees 
with literature [37,45,47]. On heating an increase of repeat distance is 
observed, reaching d = 6.71 ± 0.01 nm at 60 ◦C. Although the bilayer 
thickness decreases with increasing temperature, a simultaneous in-
crease in water layer thickness overwhelms this change and contributes 
to overall increase in repeat distance [37]. Upon addition of GC376 the 
bilayer repeat distance increases up to 0.1 mol/mol and then decreases 
back, both at 20 ◦C as well as at 60 ◦C (Fig. 7). At the same time, repeat 
distance of the Ln phase, detected at 20 ◦C, significantly increases with 
GC376 concentration, reaching d = 7.50 ± 0.03 nm at 0.5 mol/mol. 

4. Discussion 

Partition coefficient is an important parameter in pharmacological 
and toxicological studies to determine the effective concentrations and 
kinetic behaviour of a drug in biological systems. Theoretically as well 

as experimentally most frequently used is the partition coefficient be-
tween n-octanol and water (KOW). However, partition coefficient be-
tween phospholipid and water (KP) is more relevant for the drug, 
modelling its pharmacokinetic behaviour in biological systems. The 
correlation between the KOW and KP is also not so straightforward, thus 
KOW should be used cautiously [48]. Vaes et al. [48] derived an equation 
to calculate phospholipid/water partition coefficient from the estimated 
KOW for polar compounds: 

logKP = 0.904 × logKOW + 0.515 (7) 

Using an estimated logKOW = − 0.68 value for GC376 [11] the 
equation gives a value of KP = 0.8, which is much lower than KP = 46.8 
± 18.2 that we have determined experimentally. This result further 
underlines the necessity of experimental determination of phospholi-
pid/water partition coefficients. The main difference between the two 
values (KP and KOW) might result from the sharp interface between the 

Fig. 5. Pre-transition and main phase transition temperature t (Panel A) and change in transition enthalpy ΔH (Panel B) as a function of GC376/DPPC mole ratio. 
Error bars denote the error of fitting. Where not signed, errors are within the symbol size. Green diamonds represent, for comparison, the tm and ΔHm values obtained 
for the 0.03 mol/mol using a single-Pearson function fit. 

Fig. 6. SAXS and WAXS patterns obtained for designated GC376/DPPC mole ratios at 20 ◦C (Panel A) and 60 ◦C (Panel B). L and Ln, with respective Miller indices, 
denote peaks corresponding to the original and new lamellar phase, respectively. 
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polar and hydrophobic region assumed for the n-octanol/water system. 
This is in contrast to the phospholipid/water system, where the transi-
tion between the two regions is not exactly defined and molecules of 
water penetrate rather deeply and interact with fragments of phospho-
lipid’s headgroup (as illustrated by e.g. Kučerka et al. [24]). The dif-
ference in KP and KOW should not be accounted to differences in phase 
state of the two systems, since partitioning into a fluid lipid bilayer was 
followed. 

Value of KP obtained suggests that the study of non-specific binding 
of GC376 to lipid bilayers is pertinent. The non-specific interaction 
might possibly play a role in indirect mechanism of GC376 antiviral 
action. Several studies have supported the evidence that lipid-binding 
domains in virus proteins are essential for virus replication [8]. The 
interaction of GC376 with Cov’s lipid envelope, resulting in a change of 
structural and physicochemical properties of the lipid bilayer (as dis-
cussed later in this section), might affect the function of embedded 
proteins. Such implication was previously suggested for changes in 
lateral pressure [5], bilayer thickness [18] and phase transition of 
annular lipids [27]. 

Partition coefficient does not offer, in principle, any kind of topo-
graphical information about the drug localization in a membrane, which 
can be either adsorbed at the membrane surface or intercalated deeper 
into the bilayer. However, the relatively low value of KP suggests that 
the GC376 molecule should be localized close to the polar/hydrophobic 
interface of the bilayer and interact preferably with the polar head- 
group of the lipid molecule. This allows to assume that process of 
permeation of GC376 across the membrane will be very slow, what 
confirms the necessity of formulation of a suitable drug carrier. Based on 
the polar nature of GC376 molecule, it’s delivery within the water core 
of a liposomal drug formulation would be assumed. Observed parti-
tioning of GC376 into the lipid bilayer might affect the amount of 
released drug from liposomes in vivo. At the same time, the size and 
polydispersity of liposomes are affected by partitioning of GC376 only 
slightly (Fig. 1), thus the delivery and availability of the drug at site of 
action should not be affected by these parameters. 

Assumption of localization of GC376 molecule close to the polar/ 
hydrophobic interface of the bilayer is in line with observed changes in 
lateral pressure induced by GC376. In a native membrane the pressure at 

the polar/hydrophobic interface is strongly negative because of attrac-
tive forces between phospholipids glycerol groups, which are intended 
to limit the contact between water and hydrocarbon interior of the 
membrane. This is resisted in the chain region where is a strong positive 
pressure due to thermally driven collisions between acyl chains. In the 
head-group region of phosphatidylcholines again positive contributions 
to the lateral pressure are present, which arise from steric, hydrational 
and charge effects. Hereby, the overall lateral pressure across the 
membrane is zero [44]. We found that addition of GC376 induces three 
times higher increase of lateral pressure near the polar/hydrophobic 
interface than in the hydrophobic interior of the bilayer. It further 
suggests that the bulky molecule of GC376 is localized in the region of 
lipid head-groups, close to the polar/hydrophobic interface. 

To gain further insight into the effect of GC376 on lipid bilayer and to 
quantify it, we performed thermodynamic and structural studies on 
DPPC+GC376 system. DSC results show that up to GC376/DPPC 
= 0.01 mol/mol the pre-transition temperature tp of DPPC from gel Lβ’ 
to rippled gel Pβ phase dramatically increases. The molecular origin of Pβ 
phase formation is associated with the lipid head-group region [19]. At 
tp the rotational mobility of the head-groups increases, while the acyl 
chains remain tightly packed. To relieve the packing frustration that 
arises due to changed relationship between cross-sectional areas of the 
head-groups and that of the acyl chains, corrugation of the membrane 
surface takes place. Our results indicate that GC376 induces lateral 
compression of the head-groups and consequent increase in stiffness of 
the bilayer polar region, what leads to suppression of the Pβ phase for-
mation. This suggestion is in contrast to the effect observed for baicalein, 
another possible SARS-CoV-2 inhibitor [31], which was found to pro-
mote formation of the Pβ phase [53]. The authors suppose that inter-
calation of baicalein into DPPC bilayers leads to steric repulsion of the 
lipid head-groups, making the bilayer surface fluctuate at lower tem-
peratures. Further, it follows that GC376 induces increase in ordering of 
acyl chains typical for the Lβ’ phase. In accord with this, the main 
transition temperature tm, determining the melting of lipid acyl chains, 
was found to increase. Due to the dominantly polar nature of GC376 
molecules, it is unlikely that they penetrate deeper between the lipid 
acyl chains. The change in tm, as well as the slight increase in lateral 
pressure detected at the C10 position of the acyl chains, may be there-
fore interpreted as a mediated effect, i.e. as a response to compensate 
changes at the polar and/or interfacial regions of the bilayer. Hereby, 
SAXS showed no significant influence of GC376 on the repeat distance of 
lipid bilayers up to GC376/DPPC = 0.01 mol/mol, neither in the gel nor 
in the fluid phase. 

At concentrations of 0.01 < GC376/DPPC < 0.1 mol/mol the 
behaviour of the system completely changes. Interaction of GC376 with 
head-group region of lipid bilayer leads to suppression of the pre- 
transition. At the same time, the bilayer repeat distance starts to in-
crease. We suggest that increased attraction at the head-group region 
induced by GC376 leads to reduction of the area per lipid molecule what 
should be accommodated by an orthogonal expansion of lipid bilayer 
thickness. In the excimer fluorescence experiments reduction of the area 
per lipid molecule may lead to shortening of the average distance be-
tween two acyl chains in PyrnPC probes. The collision frequency of the 
two intramolecular pyrene moieties therefore increases. As a result, we 
detected further increase of lateral pressures in fluid bilayers at 
0.01 < GC376/DPPC < 0.1 mol/mol (Fig. 3). At the same time, reduc-
tion of area per lipid assumes that acyl chains are in a more stretched 
conformation, what enhance the acyl chains packing and, in turn leads 
to higher gel-fluid phase transition temperatures, as we detected by DSC. 
Contrary to this, baicalein was found to have no significant effect on the 
conformation and packing of the acyl chains in DPPC bilayers [53]. The 
packing effect of GC376 on lipid acyl chains is obviously dominant also 
in the fluid phase. The increase of bilayer repeat distance (d) is even 
more pronounced in the fluid phase than in the gel phase lipid (Fig. 7). 
Similar effect was previously observed for caffeine, a small aromatic 
molecule, that partitions into fluid bilayers at the polar/hydrophobic 

Fig. 7. Repeat distance d as a function of GC376/DPPC mole ratio at 20 and 
60 ◦C. Lines connecting the symbols are meant to guide the eye. Errors are 
within the symbol size. 
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interface [20]. The authors suggest that caffeine can attract water 
molecules from neighbouring lipids what leads to local increase of water 
density at the interface. Through this mechanism, caffeine leads to an 
overall decrease of the gauche defect density in the membranes and an 
increase of membrane thickness (dL) as resulted from experiments on a 
stack of oriented lipid bilayers hydrated by vapor (at relative humidity 
97%). By definition, the repeat distance d=dL+dW, and our experi-
mental approach using SAXS does not allow to resolve the contribution 
of the two, dL and dw. We assume that observed increase in d induced by 
GC376 might result from swelling of lamellae. 

Data from both methods, DSC and SAXS show the appearance a new 
Ln phase at GC376/DPPC ≥ 0.03 mol/mol and 20 ◦C. It indicates an 
onset of domain formation and, eventually, lateral phase separation in 
the mixtures. We need to note, that DSC experiments were performed at 
significantly lower ionic strength than SAXS/WAXS experiments (see 
Section 2.5). Sodium ions bind tightly to the carbonyl oxygens and alter 
the electrostatic potential, which is largely compensated by a changed 
polarization of the aqueous medium and a lipid dipole orientation [4]. It 
is thus likely that partitioning of a charged GC376 molecule into the 
polar region of the lipid bilayer might be, to some extent, affected by the 
ionic strength of the solvent. Still, results obtained for the DPPC+GC376 
system by DSC and SAXS/WAXS methods fit together very well, what 
suggests that the effect of ionic strength does not dominate in the studied 
drug-lipid interaction. Fig. 5B shows a drop in the main transition 
enthalpy, ΔHm, which we attribute to disorganization of the lipid bilayer 
caused by phase separation. We suggest that phase separation is a 
response of the system to increased lateral pressures in presence of 
GC376. Note, that at GC376/DPPC > 0.03 mol/mol we detected stabi-
lization of lateral pressure values both in the region of C4 and C10 of the 
acyl chain (Fig. 3B). The Ln phase formed at CG376/DPPC 
> 0.03 mol/mol displays further increase in tm accompanied with an 
increase in ΔHm (Fig. 5); d of the Ln phase also significantly increases 
(Fig. 7). These results suggest more tight packing of the lipid acyl chains 
in the Ln phase compared to the original L phase, leading to an increase 
in bilayer stiffness. Therefore, we assume that the Ln phase is enriched 
with GC376 molecules compared to the L phase. At the same time, the 
composition of the L phase seems to be conserved in entire studied 
concentration range (0.3 mol/mol), as deduced from the unchanged 
values of tm and ΔHm. 

But, no phase separation is observed, even at highest GC376/DPPC 
mole ratios, in the fluid phase. SAXS diffractograms show peaks corre-
sponding to a single lamellar phase, however with decreasing intensity 
and increasing width upon GC376/DPPC mole ratio (Fig. 6B). This in-
dicates decreased ordering of stacked bilayers due to interaction with 
GC376. At 60 ◦C DPPC bilayers are fluid in a sense that there is no fixed 
relationship between the nearest-neighbour molecules within the 
interface. Dynamic processes of lipid molecules include fast motions, 
such as rotations around C-C bonds, rotation around molecular axis, 
lateral diffusion and protrusion out of the bilayer plane. This likely en-
ables molecules of GC367 to accommodate within the bilayer without 
significant disruption of its structure. At the same time, a more pro-
nounced effect of GC376 on the gel phase, compared to the fluid phase 
lipid, may arise from different KP values of GC376 in the two phases. 
Noticeably, the KP value determined in the present paper was obtained 
for the fluid phase system. The GC376 concentration in the gel phase is 
apparently higher than that in the fluid phase, as a consequence of KP

gel 

> KP
fluid. It would suggest a non-ideal mixing between GC376 and 

phospholipids, as observed previously for e.g. long alkanols [17]. To 
account for differences in partitioning of GC376 into DOPC and DPPC 
bilayers, respectively, we have to remind that the polar region of the two 
lipids is equal. Since GC376 is suggested to partition preferentially into 
the polar region of the bilayer, no significant difference in partitioning is 
assumed for the two lipid systems studied. 

To sum up, obtained results imply a possibility of application of 
temperature-responsive lipid-based delivery systems for GC376 with 
sustained-release, thanks to stabilizing effect of the drug on the gel phase 

bilayer. Low KP value and slight GC376 concentration dependence on 
vesicle size predict good bioavailability of the drug in the fluid phase. On 
the other hand, aside of specific inhibition of 3 CL protease, an indirect 
effect of GC376 on CoV’s replication based on non-specific interaction 
with lipids of the virus envelope is suggested. Observed lateral pressure 
changes, increase in phase transition temperature and bilayer repeat 
distance, as well as domain formation within the membrane plane 
induced by GC376 partitioning might affect the function of virus pro-
teins embedded in the membrane of the virus envelope, that are 
involved in CoV’s replication process. 

5. Conclusion 

The interaction of small molecules with lipid membranes and the 
knowledge of their binding site and bilayer distribution is of great 
pharmacological importance and represents an active field of current 
biophysical research. We have studied the partitioning and effect of 
antiviral GC376, a potential SARS-CoV-2 inhibitor, on model lipid 
membranes prepared from DOPC and DPPC, respectively. Partition co-
efficient of GC376 between DOPC and water phase represents KP = 46.8 
± 18.2. Results suggest that GC376 partitions into lipid bilayers at the 
level of lipid head-groups, close to the polar/hydrophobic interface. The 
partitioning induces increase of lateral pressures in the membrane, 
mainly in the interfacial region of the bilayer, suppression of rippled Pβ 
phase and tighter packing of lipid acyl chains. As a response, formation 
of domains with different GC376/DPPC composition and resulting phase 
separation is suggested to take place within the bilayer. These results 
may help to understand pharmacokinetic properties of GC376 that are 
inevitable for determination of drug bioavailability. Moreover, they may 
be useful in developing potent new antivirals targeted to inhibition of 
CoV’s replication. 
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