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Abstract

When drug nanocarriers enter a physiological enwirent, their surface gets coated by a
dynamic biomolecular corona (BMC) mainly constititéy proteins. Although a deep
investigation has been performed on the compositib®BMC in terms of proteins, scarce
attention has been posed to low molecular weighabadites present in human plasma. In this
work, for the first time, the investigation of tH@MC of liposomal nanoparticles (NPs)
constituted by 1,2-dioleoyl-3-trimethylammonium-pame polar lipid has been carried out by an
ultra-high performance liquid chromatography codpte high-resolution mass spectrometry
based untargeted metabolomics approach. Compoueds tentatively identified based on
matches with online databases and comparison ofMi8Sépectra with available spectral
libraries. Moreover, a comparison of three metdabokxtraction strategies, including an
ultrafiltration membrane based protocol, a methandtaction based protocol, and Wessel &
Fliigge protocol, was performed. Methanol extracpoocedure resulted in the widest metabolic
coverage of liposomal NP BMC. A total of 193 met#ébe has been tentatively identified, 166
of which belonged to the class of lipids includipgospholipids, steroids, carnitines, fatty
alcohols, diglycerides and fatty acids. The highratance of lipids in the BMC can be explained
by the adsorption of plasma lipoproteins onto Ilgros surface, confirming previous works on
other kinds of NPs. Lipids are important bioactiwelecules, which could impact NP
circulation and uptake by cellExtending the investigation of BMC beyond the photcorona
and towards the “lipid corona” may be the keystoha better understanding and control of NP

fate in human body.



Keywords:. liposome; corona; metabolomics; Lipidomics; highaletion mass spectrometry;

lipoproteins

I ntroduction

In the recent years, a wide variety of drug nant@a have been synthesized and developed to
address specific target cells, such as immune aptiscancer cells. However, when nanocarriers
enter a physiological environment, their surfacts g@ated by a dynamic biomolecular corona
(BMC) that modifies their physical-chemical propest Nanoparticles (NPs) in contact with
plasma or serum will immediately be covered by @rat forming the so-called protein corona,
which provides them with a new identity referredag“biological identity”.[1,2] The analytical
characterization of protein corona has providedicali information about NP destiny in and
impacts on organisms.[3—-6] However, although a deegstigation has been performed on the
composition of the BMC in terms of proteins,[2,¢hgce attention has been posed to many other
biomolecules, such as metabolites and lipids, it also be contained in the corona and that
may play important biological roles, different fraimose of proteins. The wide range of small
molecules present in the BMC may act as a subdiwatenzymes altering the metabolism and
possibly playing a role in cellular toxicity. Conepé characterization of the NP BMC may be the
key for investigating and predicting NP risk andtifey.

In the pioneering work of Hellstrandt al[8] size exclusion chromatography, NMR, and
enzymatic assays, showed that copolymer NPs biatksterol, triglycerides and phospholipids
from human plasma. Due to these results, seveltaiMing studies focused on the investigation
of the lipid content of NP BMC. Incubation of difésmt kinds of NPs such as copper oxide,

titanium dioxide, zinc oxide, zirconium dioxide rban black NPs,[9] carbonate apatite NPs,[10]



amine-modified polystyrene NPs,[10] TiO(anatase) NPs,[11] cellulose nanofibfilg]
polystyrene NPs,[13] magnetic NPs,[14] and singédled carbon nanotubes,[15] with different
biological fluids was investigated. In these stgdigid identification and quantitation by means
of total glycerol assays,[11] cholesterol assags]4] and liquid chromatography coupled to
mass spectrometry (LC-MS)[12,14,15] was perfornMdreover, the investigation of BMC in
terms of other low-molecular-weight metabolites vedso carried out by LC-MS[10] and gas
chromatography coupled to mass spectrometry (GC{PISAlthough most of these studies
showed promising results, few of them exploited ri@st recent metabolomics and lipidomics
untargeted approaches for the elucidation of thetaildd composition of the
BMC.[9,10,12,14,15] Furthermore, a deep investayaton the structure and identity of the
detected compounds was rarely reported. Untargptefiling methods allow to obtain the
widest possible metabolic coverage, especially wperformed by high-resolution mass
spectrometry (HRMS) coupled to ultra-high perforcefUHP)LC.[16—18] However, in order
to achieve a reliable characterization of the wh&®C composition, the untargeted
metabolomics and lipidomics approach requires agroethod development in terms of both
chromatographic separation, mass-spectrometrictiete and in sample preparation.

In this work, we present a UHPLC-HRMS based untadyenetabolomics approach to analyze
the low molecular weight compounds present in tihCBof liposomes constituted by 1,2-
dioleoyl-3-trimethylammonium-propane (DOTAP) poldipid. In particular, after the
optimization of a proper chromatographic and masgstsometric method, a comparison of three
different metabolite and lipid extraction strateggiencluding an ultrafiltration membrane based
protocol (UFM), a methanol extraction based protqdteOH) and Wessel & Fligge protocol

(W&F),[19] was performed. Liposomes are considei@de among the most suitable NPs for



drug delivery [20] and several studies aimed atrattarizing their synthetic and biological
identity after in vitro and in vivo experiments21F24] mainly studying their protein corona.
[25] To the best of our knowledge, this is thetfiravestigation of liposomal NP BMC providing

a detailed characterization of metabolites andl$ipi

Materials and methods

Chemicals and materials

For LC-MS analysis: Optima LC-MS grade water wappsied by Thermo Fisher Scientific
(Waltham, Massachusetts, USA); Ultra purity LC naetbl was purchased from Romil Pure
Chemistry (Pozzuoli, NA); formic acid was acquifedm Sigma now Merck (St. Louis, MO,
U.S.A.). For sample preparation: all chemicalsgesds, and organic solvents of the highest
grade available were purchased from Sigma-Aldrigh [ouis, MO, USA); Deionized water
was prepared by an Arium 611 VF system from SarsofiGottingen, Germany); SPE C18
cartridges were Bond Elut (Varian, Palo Alto, CASA); DOTAP was purchased from Avanti
Polar Lipids (Alabaster, AL, USA), and used withdutther purification; Protein LoBind tubes

were obtained from Eppendorf (Hamburg, Germany).

L iposome preparation

DOTAP liposomes were prepared according to stanpiarbcols.[26] Briefly, 5 mg of DOTAP
were dissolved in 10QL of chloroform and then evaporated under vacuumatoleast 24 h.
Then the lipid films obtained were hydrated witimk of the dissolving buffer, consisting in 10
mmol L Tris—HCI (pH 7.4), 150 mmol 1* NaCl, 1 mmol [* EDTA, to achieve the desired

final lipid concentration (1 mg mt). Unilamellar liposomes, with a hydrodynamic didemeof



78.8 £ 2.2 nm and with a zeta potential of 55.78#hV, were produced by sonication to clarity.
Unilamellar liposome hydrodynamic diameter andizsitential were measured at 25 ° C by a

Zetasizer Nano ZS90 (Malvern, U.K.).

Liposome incubation with human plasma

The incubation procedure was conducted as prevwialescribed,[27] with some modifications.
Five hundred microliters of liposome suspensiorm@ mL™) were added to 1 mL of human
plasma (Sigma-Aldrich, catalog number P9523) indissolving buffer and incubated at 37 °C
for 1 h to promote aggregation of the plasma bi@tules onto the surface of NPs. Afterwards,
each vial was centrifuged for 10 min under 14,00@xgrecipitate the liposomes, and then the
supernatant containing the free biomolecules wasved. The pellet was washed three times
with 200 uL of washing buffer consisting of 10 mmol'LTris—HCI (pH 7.4), 150 mmol 1
NaCl, 1 mmol C* EDTA in order to remove the unbound biomoleculBse obtained pellets
were air-dried at room temperature for 10 min. sipme-BMC complexes were obtained with a

hydrodynamic diameter of 156.5 + 4.5 nm and witteta potential of -1.5 £0.5 mV.

Optimization of metabolite and lipid extraction method

Three extraction protocols were tested to identifig optimal extraction conditions for
metabolite and lipid recovery from the NPs afteguipation with human plasma. In protocol A
(UFM) pellet was solubilized with 200 pL of 1% (W/sodium deoxycholate in 50 mmol*L
Tris-HCI (pH 8.8). The resultant suspension wasctiomated through an ultrafiltration
membrane (UFM) having a 3,000 Da molecular weightodf. Membrane was initially rinsed

twice with 500 pL of a buffer consisting of 1% (Whodium deoxycholate in 50 mmot [Tris-



HCI (pH 8.8) and 10% (v/v) MeOH, and once with 50Q of deionized HO, centrifuging at
5,000xg for 30 min. The sample was diluted witholuson 90:10 HO:MeOH, transferred in
Vivaspin® Sartorius device and spun at 5,000xg 9@min at 20 °C. The filtered sample was
reduced to 5QuL in the rotatory evaporator at 37 °C and then metituted with 150 pL
H,O:HCOOH 99.9:0.1\). In protocol B (MeOH) pellet was solubilized i@@ uL of MeOH
and placed in an ultrasonic bath fohn &t 37 °C, intermittently vortexing (&in) every 15min.
The samples were centrifuged at 5,000xg for 5 e entire cycle was repeated three times.
The three collected supernatant were collectedredigced firstly in a vacuum centrifuge, lately
in the rotatory evaporator at 37 °C to a final vouof 50uL and then reconstituted with 150
pL H,O:HCOOH 99.9:0.1W\). In protocol C (W&F), the pellet was solubilizedth 200 pL of
1% (w/v) sodium deoxycholate in 50 mmof Oris-HCI (pH 8.8) and placed in an ultrasonic
bath for 30 min in order to promote pellet solidation. The solution was precipitated following
the Wessel and Fligge protocol[19]. Briefly, 800 MeOH were added and the solution was
vortexed for 1 min before the addition of 200 CHCI; and 600 pL water. After vortexing for
one further minute, the sample was centrifugedforin at 5000%g, obtaining a solution divided
into two layers. The aqueous layer, containing bgtees and polar lipids, was collected. The
organic layer was discarded. The protein pellet washed twice with a solution MeOH;@
80:20 in order to promote the desorption of smallenules adsorbed onto precipitated proteins.
The washing solution was added to the aqueous,lageluced to 5QuL in the rotatory
evaporator at 37 °C and then reconstituted with i56,0:HCOOH 99.9:0.1W/V).

All extraction protocols were performed in triplieato ensure statistical significance of data.

Moreover, for each protocol, one blank consistingpérforming the experiment with solvents



only (solvent blank) and one blank consisting inf@ening the experiment with liposomes but

without plasma incubation (liposome blank), wergqened.

UHPL C-HRM S analysis of samples

All samples were analyzed by a Vanquish UHPLC sysféhermo Fisher Scientific) equipped
with a binary pump H and an autosampler thermodtatd 4 °C, coupled to a Q Exactive hybrid
guadrupole-Orbitrap mass spectrometer (Thermo FiSlogentific) via a heated electrospray
ionization (HESI) source. The separation was peréat on one column Luna Omega Polar C18
(100 A pore size) (Phenomenex, Torrance, CA, UB)rith x 2.1 mm i.d. with 1.6 pm particles
size operated at 0.4 mL minand 40 °C (still air option). The samples werelyred with
H,O:HCOOH 99.9:0.1WV) as phase A and MeOH:HCOOH 99.9:0vdvY as phase B, using the
following phase B linear gradient: 0 min (0.5% B2 min (98% B), followed by 5 min at 98%
phase B and 3 min equilibration at 0.5% phase B fbial analysis time including column re-
equilibration was 30 min. The ionization sourceeyparameters were the following: capillary
temperature 275 °C in positive mode, 350 °C in tieganode; sheath gas 50 arbitrary units
(a.u.) in positive mode, 20 a.u. in negative maaeiliary gas 15 a.u. in positive, 10 a.u. in
negative mode; sweep gas in positive mode 3 a.megative mode 0 a.u.; spray voltage 3.5 kV
in positive mode, 2.8 kV in negative mode; auxjligl|as heater temperature 450 °C in positive
mode, 350 °C in negative mode; S-lens RF level 5bP& Q Exactive mass spectrometer was
operated in TOP 5 data dependent acquisition midB&]. For full-scan spectra acquisition, the
resolving power was set at 70,000 (full width af-h@aximum, FWHM), scan range 160000
m/z automatic gain control target at 1X1faximum ion injection time at 200 ms, and isiati

window width of 1.4m/z MS/MS fragmentation was performed by higher-epergllisional



dissociation at a stepped normalized collision gndNCE) of 20, 40, 60 with a resolution
FWHM of 17 500, automatic gain control target ofL0% dynamic exclusion of 3 s. The mass
spectrometer was externally calibrated within asrascuracy of 1 ppm every 2 days using the
commercial Pierce positive and negative calibragohutions (Thermo Fisher Scientific). Raw
MS/MS data files were acquired by Xcalibur softwérersion 3.1, Thermo Fisher Scientific).
The three solvent blanks related to UFM, MeOH an&PAprotocols were acquired in both
positive and negative polarity mode in order toldan exclusion list. Later, the solvent blank,
the liposome blank and the three experimental cafgs of each protocol were acquired in both
positive and negative polarity mode, after settimg corresponding exclusion list. Therefore, 10
chromatographic runs were performed for each saampiiesamples were run continuously over

the time to minimize instrumental variability. Thgection volume was 1(0L.

Data analysis

All datasets from UHPLC-HRMS analysis were procdsséh Compound Discoverer 2.1 SP1
software (Thermo Scientific, San Jose, CA, USA)k 8blvent blank, the liposome blank and the
three experimental replicates for each protocolewgpuped, resulting in a total of three groups
to be processed. The chosen untargeted metabolopnarsessing workflow included the
following nodes: 1) select spectra node (filteraighe MS scan data from the raw files); 2) align
retention time node (alignment of the raw datasfibelonging to the different samples to build a
unique sample set); 3) detect unknown compound nidtection of the extracted ion
chromatogram traces in MS scan for finding and gmog precursors, isotopes and adducts
related to a compound); 4) group unknown compouratie (grouping chromatographic peaks

belonging to the same feature and choosing theM8sand MS/MS spectra for the following

10



identification); 5) fill gaps node (filling missingeaks for subsequent statistical analysis); 6)
mark background compounds node (subtracting thepoands in the blank samples); 7) predict
composition node (associating a molecular formwathe detected features); 8) search
Chemspider node (matching the detected compounitistiné Chemspider database); 9) search
mzCloud node (matching the MS/MS spectra of theaetl compounds with the mzCloud
library). The parameters that have been set foh eaxle are reported in Table S1 in the
Supporting Information. The selected workflow hasduced a compound table listing all of the
compounds detected across all the input files grdupy their molecular weight and retention
time. Only compounds detected in all the three erpntal replicates for each protocol were
selected. For each compound the predicted chenfarahula, the molecular weight, the
ChemSpider results, the mzCloud results, the maChmst match and best similarity match, the
area for each sample group calculated as mediwmgdbfficient of variance for each sample
group, the group area ratio, tRevalue of group ratio calculated byest and the Lggarea fold
change, were reported. Compounds showing at leestrzCloud match or mzCloud similarity
match were selected for a deeper investigationodymt ion data were manually checked to
elaborate hypothetical fragmentation patterns asdpare it with data in literature and in the
Reference Library of mzClouwdldvanced mass spectral database (HighChem LLC,aRiak
After a previous screening by Compound Discoveitewas observed that a high number of
tentatively identified compounds belonged to thasslof polar lipids. Therefore, a software
dedicated to lipid identification was used for het data analysis and structure elucidation.

All datasets from UHPLC-HRMS analysis were procdsgéth Lipostaif28] a commercially
available software for lipidomics analysis. Filtste platform Lipostar DB Manager was used to

build a customized homemade database of lipid psecsi and MS/MS theoretical ions. By
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means of the Lipid Builder Tool several lipid potegads were combined. In particular ceramide
(Cer), monoglyceride (MG), diglyceride (DG), trighride (TG), glycerophosphate (PA),
glycerophosphocholine (PC), glycerophosphoethanakrPE), glycerophosphoglycerol (PG),
glycerophosphoinositol (PI), glycerophosphoserif8)( sphingomyelin (SM) polar heads were
chosen, representing the most common lipids in muptasma. All polar heads were combined
with 1 or 2 acyl chains ranging from a length of @3C35 and from 0 to 9 double bonds.
Typical fragmentation rules were also applied toegate the related MS/MS spectra. After
building the customized database baseline and neidection, peak extraction, smoothing,
signal-to-noise ratio filtering, deisotoping andcdevolution were performed as in the work of
La Barbereet al,[29] setting the parameters reported in Table ShenSupporting Information.
Finally, database search of experimental MS andM®&Skpectra was performed with the
following parameters for lipid identification: 5 ppprecursor ion mass tolerance and 10 ppm
product ion mass tolerance. All lipid identificai® based on both precursor and MS/MS were

manually checked.

Results and discussion

Experimental set-up

The aim of this study was performing a metabolonans lipidomics profiling of the BMC
adsorbed onto liposomal NPs after incubation witlhnan plasma. DOTAP liposome has been
chosen as model system due to its well charactesize (pristine liposome 78.8 + 2.2 nm,

liposome after incubation with human plasma 1564&5-nm), charge (pristine liposome 55.7 +

12



1.8 mV, liposome after incubation with human plasth® + 0.5 mV) morphology and protein
corona composition.[30] The protocol optimized lmstwork included a first part typical of a
shotgun proteomics workflow in which liposomes wareubated with a biological fluid under
physiological conditions (1 h at 37 °C).[31] A higlkcess of plasma, i.e. plasma:NPs ratio 2:1,
was chosen for mimicking the physiological in vionditions.[32] Afterwards, the liposome-
corona complexes were isolated by centrifugatione Bupernatant was discarded while the
pellet was treated for metabolite and lipid exii@act Particular attention had to be paid on the
removal of proteins. Indeed, due to their high aante in comparison with metabolites and
lipids, proteins can be responsible for a high maffect and signal suppression. Based on these
considerationsthree protocols have been evaluated for protemoval and for metabolite and
lipid extraction from liposomal BMC: i) UFM protot@onsisting in filtering molecules with
more than 3,000 Da molecular weight; ii) MeOH puoatioconsisting in a solid-liquid extraction
of small metabolites; iii) W&F protocol[19]. Thefett of the extraction on the pristine liposome
was also taken into consideration. Indeed, during éxtraction protocols, a hypothetical
degradation of the liposomal NPs may occur giviisg to a series of lipid chain fragments,
which may be easily confused with lipids endogehopsesent in plasma. In order to avoid
misinterpretation of results, a liposome blank vgesformed in which liposome NPs, not
incubated with human plasma, have been treatedhbysame extraction protocols as the
liposome-BMC complexes. The signals detected inlifftasome blank were subtracted by the
samples during data analysis. On this regard, dipas NPs composed of DOTAP lipid
represented the best model for this preliminargytundeed, DOTAP is a synthetic lipid not
naturally present in human plasma, which allowedcaofirm that the subtraction of signals

belonging to the liposome blank was effective amdl mbt affect BMC analysis. Finally, a

13



solvent blank, consisting in performing the exti@ttprotocols without neither liposomes nor
human plasma, was performed in order to subtract thle background contaminant signals. All
the samples were analyzed by a UHPLC-HRMS baseargeted metabolomics approach as

explained in the following section.

Untar geted metabolomics wor kflow

Few research groups have used untargeted metaloslaonilipidomics approaches for the
investigation of the BMC, [9,10,14,15] only onetbém presenting a proper analytical method
optimization[12] In this study, before performing the analysis oe BMC, we optimized the
chromatographic and mass spectrometric conditiores gample of human plasma.

Human plasma was treated with MeOH in a 1:4 rasiopfotein precipitation. The supernatant
was dried under vacuum and resuspended wi:HCOOH 99.9:0.1y\V). Several metabolites
naturally present in human plasma and belongingth® most representative classes of
metabolites were monitored under different chromiaphic conditions. Indeed, due to their
wide variety in terms of polarity and to the preserof several isomeric molecules, several
column stationary phases and particle sizes waoeed by using BHO:HCOOH 99.9:0.1\v)

as phase A and MeOH:HCOOH 99.9:0v1V( as phase B, with the following phase B linear
gradient: 0 min (1% B), 11 min (98% B), 16 min 88% B), 20 min (1% B). Firstly, a fully
porous Hypersilgold C18 column (2.1 x 15 mm, 3 pantiple size) was tested because often
used in metabolomics studies. Hypersilgold C18 molus an endcapped, ultrapure, silica based
column that allows to obtain a good peak symmetducing peak tailing.[33] Despite the good
peak symmetry, the large chromatographic peak wofltihe detected metabolites (0.2 min) did

not allow the separation of several isomers. Tlheegfa column with a smaller particle size was
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investigated, i.e. the core-shell Kinetex XBs@2.1 x 100 mm, 2.6 pm particle siz8his
column has some protective butyl side chains tHiawabetter peak shape and enhance
separation and retention of compounds comparedmmal C18 phases. [34] Despite a better
isomer separation, this column showed not to beagpiate for the more polar metabolites, most
of which were not sufficiently retained. To solvast issue, a core shell Accucore aQ C18
column (2.1 x 100 mm, 2.6 um particle size) wassgtigated, because its polar endcapped C18
stationary phase should provide optimal retentibpaar analytes.[33] However, despite the
manufacturer’s indications the retention of the tmmslar compounds was not showed to be
enhanced. Finally, Luna Omega Polar C18, a fullsops silica column (2.1 x 100 mm, 1.6 um
particle size) resulted in the best isomer separa@n enhanced retention of the most polar
metabolites, and the narrowest peaks among thedtesiumns. In this column, while the C18
chains provide hydrophobic interactions, a poladified particle surface provides enhanced
retention of the highly polar compounds, allowingrere balanced retention of polar and
hydrophobic compounds.[34] Moreover, the small ipkrtsize allows to obtain very narrow
chromatographic peaks, allowing a better isomeaisgpn. A comparison of the extracted ion
chromatograms of some of the most challenging noditab detected in human plasma, obtained
with the four columns, has been reported in Figiten the Supporting information.

Once chosen the best column, several gradientsngtdrom different percentages of phase B
were tested, the gradient starting from 0.5% Brgjuihe best result in terms of retention of the
most polar compounds. Moreover, different percezgagf HCOOH were tested in order to
obtain the best separation of the monitored meiigsolncreasing the percentage of HCOOH up
to 0.2% resulted in narrower peaks. However, bexams suppression was detected for some

metabolites HCOOH 0.1% was kept as final conditidme final chosen conditions consisted in a

15



separation onto a column Luna Omega Polar C18 Mi:HCOOH 99.9:0.1WV) as phase A
and MeOH:HCOOH 99.9:0.VA) as phase B, using a gradient starting from 0.586rE total
analysis time of 30 min.

After, the ionization parameters resulting in thesto compromise for all the monitored
metabolites in terms of signal intensity were clmoie the acquisition. Moreover, an acquisition
mode was chosen based on the work of La Barbeed[17] In this work, a data dependent
acquisition (DDA) TOP 5 mode was developed, imgyan first scan of the full mass spectra
between 100n/z and 1000n/z,and a second scan in which the 5 most abundant(itatscted

in the first scan) were selected and fragmente@. DDA method optimized by La Barbeea
al.[17] allows the simultaneous acquisition of HRM31avS/MS data for a high number of
analytes, ensuring an efficient profiling and idkcdtion. Indeed, tentative metabolite
annotation by the study of tm/z ratio only does not provide a single confidentitfecation,
requiring MS/MS experiments to ascertain structurdbrmation. However, not only the
number of detected and fragmented metabolites didsettaken into account for a proper
method development, but also the fragmentationrpatars should be investigated. Firstly, a
one step collision energy method was tested agreith or 40 or 60 or 80 NCE. However, due to
the heterogeneity of metabolites in human plasrhapsing only one value of NCE did not
allow to obtain an informative fragmentation spewotrfor all the metabolites. A stepped
collision energy method with 20, 40 and 60 NCE whssen, allowing to obtain the needed
diagnostic fragment ions for the whole range of tavad metabolites. Finally, also an exclusion
list was included in the acquisition method. Indekdlv abundant metabolites may not be
selected for fragmentation by the TOP 5 acquisitimode because of high abundant

contaminants. In order to avoid this issue, atprevious injection of the solvent blank for each
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protocol, the mass spectrometric method was maddiecluding, from the fragmentation step,
the ions deriving from the solvent blank. In aduhti the ions detected in the solvent blank

samples were used, in the following step of datdyars, for blank subtraction.

Metabolite and lipid identification

The optimization of the chromatographic and masctspmetric method was followed by an
accurate data analysis. Analysis of complex sampigsmodern separation methods in
conjunction with HRMS can yield an enormous numioér signals, often belonging to
background interferences and contaminants, or tu@d and in-source fragments of real
molecular entities. Thousands of signals need tofilbered and grouped into features
characterized by a specific exact mass and retertilme, thus being addressed to real
metabolites. Finally, investigation and comparisbraccurate masses, isotopic pattern, MS/MS
spectra with databases and spectral libraries gsiined for the tentative identification of
metabolites. Few studies on BMC showed the ideatiion of metabolites and lipids by means
of a proper HRMS based untargeted approach. licphat, in the two untargeted metabolomics
works published by Pinlet al [9] and by Martelet al,[10] over 200 and 350 metabolites,
respectively, were tentatively identified basedyomh precursor ion match with databases. In
the last work, 25 out of the 350 metabolites ongravtentatively identified by MS/MS spectra
comparison with spectral libraries and by referestendard comparison. In other three
lipidomics works published by Raesehal][14] , Leeet al,[12] and Kapralo\wet al.[15] a total of
277 lipids, 61 lipids and 108 lipids were detecteskpectively. In the first case, lipids were
monitored in Single lon Monitoring (SIM) with a pite quadrupole, thus without providing any

MS/MS match with spectral libraries. In the sec@ade, fragmentation behavior of lipids was
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investigated for their tentative identification b details on fragment matches is repartad
the third case, both a triple quadrupole and a-biright (TOF) mass spectrometer were used,
without specifying which acquisition mode was used without providing any detail on the
MS/MS spectra. In contrast to the mentioned paparshis work, two powerful and highly
recommended software that perform identification taking into consideration MS/MS
fragmentation spectra were used, assuring a relidbhtative identification. Compound
Discoverer determines compound elemental compasiaiod searches multiple chemical
databases for further annotation. After, it matctesexperimental MS/MS data with mzCloud
spectral library and in-house mzVault spectral ditges by sophisticated algorithms.
Additionally, it can provide similarity search rdéisuby comparing MS/MS spectra of the whole
set of compounds present in mzCloud regardlesshetiver the precursor ions of the reference
compound and the unknown compounds match. CompbDiswbverer was operated by setting
up the parameters summarized in Table S1 in the@®@tipg Information. After the samples
have been processed with Compound Discoverer, rsobwed liposome blank were subtracted
and metabolites were manually checked by inspedhiegMS/MS fragmentation spectra. The
results showed that the highest number of detattetdbolites belonged to the class of lipids.
Therefore, a deeper investigation for lipids onlgswperformed with Lipostar (version 1.0.4), a
lipidomics dedicated software.[28] Lipostar databaan be customized by adding novel lipid
structures not yet reported in the literature, aonibg both precursor ion masses, adducts, and
product ion masses (generatedifgilico fragmentation), allowing the possibility of openat a
proper untargeted screening. Lipid identificatimmftddence levels are provided through a stars-
based classification system: four stars if both aaéory and recommended product ions are

detected, together with at least one fatty acidrghthree stars if at least one mandatory product
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ion is detected; two stars if at least one recontedrproduct ion is detected; one star if neither
mandatory nor recommended product ions are dete&fest building a personalized database,
samples were analyzed setting the parameters simoWeible S2 in the Supporting Information.
Only lipids tentatively identified with 3 and 4 stawere considered and further manually
inspected.

The whole set of metabolites and lipids tentativielgntified by Compound Discoverer and
Lipostar, respectively, was merged after normadjZine relative areas with a corrective factor
due to the different peak integration algorithmikde in the two software. Finally, based on
the work of Schymanslet al[35] and the slight modifications by La Barberaal,[16-18,29]
different identification confidence levels were @gated with the identified metabolites: level 1
for compounds identified by reference standard aompn; level 2 for compounds showing
specific informative product ions; level 3 for cooymds showing a fragmentation pattern typical
of one class of molecules but with no detailed imfation. The molecular formula was reported
for all level 2 identified compounds, whereas fome of the level 3 identified compounds any
meaningful molecular formula was found although fregmentation pattern gave reliable
information on the chemical class of the metabslittoncerning lipids, generally, the overall
side-chain composition of each species (i.e.,dted humber of carbon atoms and double bonds)
could be easily obtained from the deteat@d value allowing the assignment of a general
identity to level 3 compounds. Only for level 2 qmmnds, the identity of the two fatty acid
chains was specified. Several isomeric species haga detected and can be attributed both to
the occupation of different positions on the glytdrackbone and to a different arrangement of
the acyl chain carbon atoms. However, the posiibtihe acyl chains on the glycerol backbone

was not assessed. In Table S3 the metabolitesipidd Identified in the three protocols are
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reported together with their retention time, molacdormula and molecular weight. Further
information on detected adducts, fragmentation ts@eentification confidence levels, area in
the three experiments are provided in Table S#hénSupporting Information. In conclusion, by
means of the developed untargeted metabolomic®appr 193 molecules have been tentatively
identified, 166 of which were classified as lipit€luding phospholipids, steroids, carnitines,
fatty alcohols, diglycerides and fatty acids. Thesult is in agreement with previous findings

showing a prevalence of lipid adsorption over osraell metabolites on NP BMC.[10]

Evaluation of extraction methods

Many extraction methods have been already propaseohetabolomics studies on several
biological fluids[36] however, only few studies focused on the maitb extraction from the
BMC formed onto NPs, [9,10,12—-14] and these haen lvarried out without a real optimization
of the extraction conditions for both lipids andtaimlites.

In this study, we compared three different metaband lipid extraction strategies in order to
assess the best protocol for metabolite and lipedvery from the liposomal NP BMC. Different
aspects, namely the number and the peak areasnttively identified compounds, were
evaluated in order to compare and select the éstotion method.

Among the total number of tentatively identified tatalites and lipids showed in Table S3, 23
were identified in the UFM protocol, 184 in the Md@rotocol and 106 in the W&F procedure.
In particular, 85 compounds were exclusively idgdi by MeOH procedure, 7 unique
compounds were identified by W&F procedure and dnlyas uniquely found by UFM method,
while 20 were in common among the three data $égs {a). For more details about the lists of

unique metabolites and metabolites in common anbaghree protocols see Table S5 in the
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Supporting Information. In summary, the MeOH metlshdwed superior extraction yield over
W&F and UFM protocols in terms of tentatively idiéied compoundsAlso, the extraction
methods were compared based on the relative afghg tentatively identified compounds in
the three protocols. The results are shown in Higwhere the Box-and-whisker plot calculated
on the Logp areas of metabolites tentatively identified in tiwsome blank and in the three
experimental replicates of UFM, MeOH and W&F pratiscis shown. In summary, the median
of the areas resulted to be higher in MeOH thanM&F protocol, whereas UFM method
resulted in the lowest extraction yield, as demast by the fact that the liposome blank and
the three replicates showed similar results. Lipgsdlank areas have been reported in order to
show that the tentatively identified lipids detettm the experimental replicates were not
belonging to the lipid NPs used in this specifiadst but rather derived from the liposome
incubation with human plasma.

In conclusion, MeOH solubilization protocol resdlt® be the best choice for the recovery of the
highest number of compounds. However, delving nlsoeoughly the obtained data, a different
trend between metabolites and lipids was highlighte Fig. 2 a Trend Chart showing the
chromatographic peak areas, after normalization,ttie tentatively identified compounds is
reported for the three protocols. Peak areas fon eempound was normalized by dividing it for
the average of the peak areas calculated amontiprse protocols. As shown, the most part of
compounds tentatively identified in the MeOH prasedresulted to belong to the class of lipids,
whereas a more heterogeneous range of compourndsdimg both metabolites and lipids,
resulted from the W&F protocol. No particular trewds observed for the UFM protocol, aside

from the high abundance of indoxyl sulfate.
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Finally, in Table S6 the top 25 most abundant nwieds and lipids tentatively identified in
BMC of DOTAP NPs upon UFM, MeOH and W&F protocokaeported. Some of the most
abundant metabolites were not identified becauséenadnsistencies between the calculated
molecular formula and the fragmentation patternbecause not sufficiently diagnostic ion
fragments were detected. However, for the UFM matathe most abundant tentatively
identified compounds were metabolites such asHydroxyprogesterone, deoxycholecalciferol,
phenylalanine and hydroxycholine. For the other pwocedures, the most abundant molecules
were lipids.

The differences in the extraction efficiency of tregious methods may be closely related to the
polarity and the water content of the extractiotvesat. In W&F procedure the upper layer
consisting of a solution of MeOHx® 80:20 y/v) was analyzed. The presence of water in the
upper layer obtained by the W&F protocol resultainigher dielectric constant compared to the
solution of MeOH only. The dielectric propertiestbe solvents used in the extraction process
determine its ability to extract different composnaith different range of polarity. Therefore,
using W&F procedure more polar compounds compardipbids, e.g. citric acid, betaine which
is a zwitterionic molecule, an amino acid like pylafanine and different short chain organic
acids were extracted. However, aside from few nuditals, the overall yields of MeOH protocol
showed better results in terms of both tentativedytified metabolites and lipids. The combined
extracted ion chromatogram of some of the meta®lnd lipids tentatively identified in the
liposomal BMC after extraction with MeOH protocslrieported in Figure S2 in the Supporting

information.

L iposome biomolecular corona
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After an extensive method development it was péssito perform a comprehensive
characterization of liposomal NP BMC, resultinglie tentative identification of 166 lipids out
of 193 total molecules. The high abundance of §idtected in the BMC of DOTAP liposomes
has been already reported for other kinds of NRd, iahas been justified by a lipoprotein
mediated adsorption of lipids on NP surface.[8,188] Lipoproteins are complexes of
apolipoproteins, phospholipids, triglycerides, awtiolesterol, with a size and relative
composition depending on the lipoprotein type.[39iglycerides and cholesterol esters are
found in the core of lipoprotein particles and atgrounded by a monolayer of phospholipids
and proteins. The most common class of proteinsepttein the lipoproteins is represented by
apolipoproteins. However, during the last few yegvsoteomics studies have revealed that also
proteins involved in complement system (e.g. viém, clusterin, complement factors etc.),
inflammation, protease inhibition, and wound heglife.g. fibrinogen), among others, are
included in lipoprotein particles.[40] Notably, a previous work performed by our research
group, the characterization of DOTAP liposome pgrotorona revealed that a wide range of
proteins interacts with these particles, includigolipoproteins, coagulation factors,
complement proteins and immune regulators.[30] kixmgp deeper into the results reported by
Caraccioloet al.[30] apolipoproteins resulted to be the most abohdkass of proteins adsorbed
onto DOTAP liposomal NPs accounting for the 13.7#&ative protein abundance-RPA) of the
protein corona, followed by vitronectin (RPA 13.2%nd from fibrinogen (RPA 10.8%).
Apolipoproteins, as well as vitronectin and fibrgem, have already been shown to belong to
lipoprotein NPs, suggesting that the absorptiolipads onto DOTAP liposome BMC, as well as
onto other NPs previously investigated by otheeaesh groups, is mediated by lipoproteins.

Whether this interaction occurs between intactdipteins and NP surface or after lipoprotein
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disintegration has not been completely clarifieth some previous papers, the interaction of
intact lipoproteins with NP surface has been regubf8,14,37,38] However, in a recent work by
Mdller et al,[13] the thermodynamic and morphological aspects of itieraction between
different lipoproteins and polymeric NPs were irtigegted in more details. Based on this work,
the lipoproteins disintegrate and cover the NP amafuntil saturation. Subsequently, the
adsorption of additional intact lipoproteins maydsgected. In this regard, some considerations
can be done also for DOTAP liposome BMC, lookingtls results of the different tested
extraction protocols. As a matter of fact, in thENU protocol, the pellet was solubilized with a
solution of 1% sodium deoxycholate, a detergergatiffe in disrupting and dissociating many
types of protein interaction. The subsequent metwas fractionated with an UFM with a
molecular weight cut-off of 3,000 Da, resulting efive in the retention of proteins with
MW>5,000 Da. Although this protocol should haveduced good results, cleaning-up the
sample and reducing matrix effect, only 23 compsunere tentatively identified. It is likely
that lipid adsorption on NPs is mediated by infgmbproteins which, being characterized by
high molecular weight, may have been removed by UEsdilting in the loss of the majority of
the compounds.Whether the adsorption of lipoprst@&acurs or not upon their disintegration
might be dependent on the NP material, so that rhgdgophilic surfaces could eventually
hinder disintegration. NP surface could affect thechanism of interaction and, consequently,
the composition of the BMC upon NP interaction whiblogical fluids. Modulating NP surface
could then result in a different BMC in terms gfdproteins, proteins and lipids.

Liposomes are considered to be among the mostbsiitdPs for drug delivery for several
factors, one of which is the possibility of modulat their physical-chemical properties by

changing their lipid composition. The BMC can bedulated as a function of liposome lipid
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composition, affecting liposome recognition by thelogical machinery. NPs have not solved
yet the issues related to the low efficient drulijvéey, such as severe side effects and damage of
healthy tissues. Recent studies have shown thatajusinor fraction of the bound plasma
proteins enhance liposome association with cancels,c triggering efficient particle
internalization[41]. On the other hand, some pmelary studies reported that carbon nanotubes
covered by phospholipids are recognized and cledégdnacrophages botin vitro and
following inhalationin vivg15,42], showing that the lipid component couldypéacrucial role

for NP biorecognition. Based on these consideratimther studies on liposomes with different
lipid composition should be carried out for a manetensive investigation of their BMC,
especially focusing on either lipids or lipopro®iadsorption in addition to the extensively

investigated protein adsorption.

Conclusion

In this study we investigated the formation of a ®Mn the surface of liposomal NPs by a
UHPLC-HRMS based untargeted metabolomics and lipide approach. Compounds were
tentatively identified based on matches with alddadatabases and comparison of MS/MS
spectra with available spectral libraries. A tafll93 metabolites and lipids has been tentatively
identified, 166 of which belong to the class ofdgpincluding phospholipids, steroids, carnitines,
fatty alcohols, diglycerides and fatty acids. Commathe number and the relative abundances
of the tentatively identified compounds among thtested protocols, MeOH extraction
procedure resulted in the highest extraction yfelibwed by W&F and UFM protocols. Aside
few polar metabolites, showing higher recoverie®/&F protocol, MeOH protocol provided the

widest metabolic and lipid coverage of the BMC fethupon incubation of liposomal NPs with
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human plasma. UFM procedure resulted to be noaldeitfor the extraction and analysis of
BMC compounds, probably due to the removal of intgoproteins from NP surface. Indeed,
recent findings showed a lipoprotein mediated adgon of lipids onto other NP
surface.[8,14,37,38] Moreover, in a previous woykGaraccioloet al. [30] the investigation of
DOTAP liposome protein corona showed a high abucelah apolipoproteins and other proteins
commonly found in lipoproteins, supporting the hyyasis of a lipoprotein mediated interaction
of lipid onto liposomal NPs as well. Lipids are iom@ant bioactive molecules which could
impact NP circulation and uptake by cells, includeatiothelial cells and macrophages, which
are responsible of NP removal from circulation [£}tending the investigation of BMC beyond
the protein corona and towards the “lipid coromagy be the keystone of a better understanding

of NP “biological entity” and a better controllirmj NP destiny in the body.
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Figure captions

Figure. 1 a) Venn diagram showing the overlap of identifigiids and metabolites among the
UFM, MeOH and W&F protocols. b) Box-and-whisker fplmalculated on the Lagareas of
metabolites ad lipids identified in the liposomarik and in the three experimental replicates of

UFM, MeOH and W&F protocols

Figure. 2 Trend Chart showing the chromatographic peak aedter normalization, for all the
identified compounds in the three protocols. Theaamelites and lipids showing higher and
lower area in W&F compared to MeOH protocol arehhighted in light blue and orange,

respectively
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Highlights:

» A comprehensive characterization of nanoparticle biomolecular coronais presented.
* Anuntargeted metabolomics and lipidomics approach has been devel oped.

» Three extraction protocols have been tested for extracting metabolites and lipids.

* Themethanol extraction protocol resulted in the best results.

» A tota of 193 metabolites has been identified, 166 of which were lipids.
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