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Abstract

Nanoparticles (NPs) tend to adsorb matrix molecules like proteins and lipids incubated with
biological fluids, forming a biological corona. While the formation and functions of protein corona
have been studied extensively, little attention has been paid to lipid adsorption on NPs. However,
lipids are also abundantly present in biological fluids and play important roles in processes like
cell signaling and angiogenesis. Therefore, in this study, we established the analytical procedure
for study of lipid adsorption on three different types of NPs in two matrices: human serum and
heavy cream, using nanoflow liquid chromatography-mass spectrometry (nanoflowLC-MS).
Serum was chosen to represent the common environment the NPs would be present once entering
human body; and heavy cream was the representative food matrix NPs may be added to improve
the color or taste. Steps of liquid-liquid extraction were established and optimized to achieve
maximum recovery of the adsorbed, standard lipids from the NPs. Then, the LC-MS/MS method
was developed to attain base-line separation of the standard lipids that represent the major lipid
classes. At last, the lipid adsorption profiles of the three NPs were compared. We found that the
lipid adsorption profile on the same type of NP was significantly different between the two
matrices. The established method will help us investigate lipid adsorption on additional NPs and
reveal how it could be affected by the physiochemical properties of NPs and the presence of
proteins and other components in the biological matrix.
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Introduction

Since nanoparticles (NPs) carry distinct and superior properties to their bulk counterparts,
their industrial manufacture and applications have been augmented dramatically, calling for
thorough evaluations of the impacts of NPs on biological systems and environments [1, 2].
Such evaluations are not only focused on the intrinsic physicochemical properties of the
NPs, but also on how the NPs would transform under different circumstances. Their high
specific surface area and activity prompt the NPs to adsorb many substances in the complex
matrix they find themselves in. For example, in biofluids, it has been well studied that the
NPs could disguise their surface by adsorption of a layer of proteins, forming the so-called
protein corona [3,4]. The NP properties like size, shape, surface coating, core composition,
are strong determinants to the formation of protein corona [3,4,5,6,7]. This is further
confirmed by studies that use protein adsorption profiles to differentiate NPs varied in size,
core structure, and coating [8,%]. The corona formed by protein adsorption changes the
surface and size properties of the NPs, and its composition would also vary with the
surrounding environment [19]. Thus, for the NPs being found to be able to move through the
intestinal barrier, permeate epithelial barrier, or enter regional lymph nodes, etc. [5-11], it is
believed that such transportation and other behaviors of NPs in biological systems could be
influenced by the protein corona [12,13 14].

While a lot of attention has been paid to protein corona, lipid adsorption has not been
studied as frequently [1°], although lipids play an equally important role in organisms as
proteins. For instance, phospholipids (PLs) are important metabolites connecting with other
materials organically and key regulators for cell proliferation [16-17]; lipid rafts constituted
of cholesterols and sphingolipids mediate cell signaling [17]; and lysophospholipids (LPLs),
even with their relatively low abundance, are deeply involved in development of the central
nervous and cardiovascular system [18]. Lipids are also associated with various diseases.
Graessler et al. identified the close correlation of hypertension with the contents of PC and
phosphatidylinositol [1°]. Cholestery! ester, triacylglycerol (TAG), LPLs and diacylglycerol
(DAG) are indicated as key markers for metabolic syndrome including obesity and insulin
resistance [20,21,22 23], Oxidation stress on lipids can affect cell signaling, and even lead to
cell apoptosis [24,25]. The diverse roles of lipids and their close correlations support the
necessity of studying lipid-NP interaction to reveal their potential influence on the biological
behaviors of NPs.

Gas chromatography (GC) has been widely employed for analysis of lipids owing to its high
separation resolution, but most lipid analytes require derivatization to become volatile
[26,27]. Modern liquid chromatography (LC) technologies have achieved comparable
resolution to GC and become more and more popular in lipid profiling when coupled with
the highly sensitive nanospray ionization-mass spectrometry (MS) [28, 29], which is further
improved with the advancement in ionization modifier [3°] and in instrumentation [31].
Development of analytical methods for simultaneous detection of LPL and PL [32], and
combination of both top-down and bottom-up analysis [33] also greatly expand the scope of
lipids being identified.
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In the present study, we adopted the typical analytical procedure developed for analysis of
lipids using nanoflowL.C-MS, and optimized it for study of the lipids adsorbed on NPs. We
chose three NP classes in this study. They were cellulose nanofibrils (CNF), polystyrene
(PS) NPs, and TiO, NPs. Both CNF and TiO, can be added to food products to adjust
nutrition contents and/or change the color and/or taste of the food. Due to their presence in
food commonly ingested by humans, these particles represent the classes of NP’s that are
likely to interact with lipids in serum or food matrices. The PS NPs were chosen as another
group of organic materials to the CNF in contrast to the inorganic metal oxide NPs, but with
higher hydrophobicity compared to CNF. Standard lipids were employed for method
optimization, and the optimized method was applied to analyze the relative composition of
LPLs, PLs, DAGs, TAGs adsorbed on the three selected NPs after incubation in heavy cream
and serum. The study focused on the lipid classes of LPLs, PLs and TAGs, because these are
the more abundant lipid components in living organisms compared other lipid classes such
as sphingolipids, steroids, and cholesterols. These lipids also have very diverse
hydrophobicity and it is possible to reveal the correlation between lipid hydrophobicity and
adsorption on NPs.

Materials and Methods

Materials and samples

The CNF (mean number of branches per node determined by TEM = 3.33+ 0.60 nm; mean
fiber diameter = 64 nm* 29 nm and the mean fiber length = 6.71 + 5.61 pm as determined
by SEM) were synthesized and characterized by the authors as reported previously. [34, 3]
Commercially available food grade TiO2 E171 was purchased from an online retailer. The
particles were characterized in terms of size, shape, crystallinity, density, surface area,
porosity, purity, surface chemistry, endotoxins and biological contaminants according to the
protocols described by Beltran et al. [34]. The results are summarized in the Electronic
Supplementary Material (ESM) (Tables S1-S3, Figs. S1 and S2). The PS NPs with the
average diameter of 200 nm were purchased from Duke Scientific Corp. (Palo Alto, CA,
USA). Powdered TiO, was weighed and dissolved in water to make a solution of 1 pg/uL,
then sonicated following the protocol described in a previous publication by the authors [36].
The stock solutions of CNF (2.5% w/w in water) and PS NPs (1% v/v) were diluted 10x
with water before use. All of NPs were consumed completely within one day.

Seven lipid standards including 16:0-lysophosphatidylchoine (LPC), 14:0/14:0-
phosphatidylethanolamine (PE), 16:0/14:0- PC, 16:0/16:0-PE, 18:0/18:1-PC,
16:0/16:0/14:1-TAG, 16:0/18:1-DAG and 18:0/18:0/18:1-TAG were purchased from Avanti
Polar lipid Inc. (Alabaster, AL, USA). For optimization of LC condition, each lipid standard
was prepared at the concentration of 3 pmol/uL in the same solvent mixture of chloroform/
MeOH/water (20:75:5 v/viv), and 3 pL of the mixture was injected into nanosprayLC-MS
for each run. Horizon™ organic heavy whipping cream (WhiteWave Food Company, Denver,
CO, USA) was purchased from a supermarket. Human serum was obtained from Innovative
Research (Novi, MI, USA), which was donated by a healthy African-American male at the
age of 32. All solvents used in the work were acquired from Fisher Scientific (Hampton,
NH, USA).
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Preparation of lipid vesicles

Lipid vesicles prepared from standard lipids dissolved in ultrapure water or buffer were
employed as the simple sample matrix for evaluation of lipid adsorption and recovery from
NPs. Formation of lipid vesicles was conducted by a published method [37]. In brief, 10 pg
of 16:0-LPC, 16:0-PE, 16:0/14:0-PC, 18:0/18:1-PC, 18:0/18:1/18:1-TAG, 16:0/16:0/14:1-
TAG, 16:018:1-DAG, 16:0/16:0-PA (totally, 8 species of lipid standards) were dissolved in
the organic solvent mixture of CH3Cl and MeOH (8:2, v/v). To mimic biological matrices,
1xPBS was chosen as the background electrolyte, in which the cationic LPC, PC and PE
were easily dissolved. PA was then added to decrease the electrical repulsion between the
positive charges on the lipid molecules and also reduce the steric hindrance of the bulky
head groups compared to their fatty acid chains, facilitating the formation of lipid vesicles.
After transferring the mixture to a 10-mL round flask, the solution was dried by rotary
evaporator to form a lipid film with their hydrophilic heads toward on the inner surface of
the flask. The film was hydrated with 3 mL of 1x PBS buffer (pH 7.5) (Bioland Scientific
LLC, Paramount, CA, USA) under a mild vortexing condition. Unilamellar vesicles with
uniform sizes were finally formed by extruding the hydrated lipid through the membrane
with an average pore size of 100 nm (Avanti Polar lipid Inc.). The whole process was
repeated 2 more times and then all of the obtained vesicles were combined to ensure
sufficient amounts of samples for method optimization.

Optimization of lipid extraction methods

Six versions of the modified “Folch method” [38] were tested to identify the optimal
extraction conditions for lipid recovery from the NPs after incubation with the lipid vesicle
solution. In this part, CNF was used as the representative NPs. Seven vials (6 extraction
protocols and one control without NP) containing 800 L of the lipid vesicle solution and
100 pL of the CNF solution were vortexed gently for 30 min. Afterwards, each vial was
centrifuged for 5 min under 10,000xg to precipitate the CNF, and then the supernatant
containing the free lipids was removed. The CNF was washed with 300 pL of water, using
centrifugation for precipitation and supernatant removal, and a total of two washing steps
were conducted.

The typical extraction procedure started with evaporation of the lipid solution completely by
using a SpeedVac concentrator (Savant, Irvine, CA USA). Then, 300 uL CHCI3 was added
and the solution was vortexed for 15 min before the addition of 900 uL water. A brief vortex
was followed with 5 min of centrifugation at 5,000x g, after which the solution divided into
two layers: the upper water layer containing the NPs and the bottom organic layer containing
the lipids released from CNF. The organic layer was collected and dried by SpeedVac.
Several variations of this method were tested in the present work to obtain optimal
extractions, either by omitting the SpeedVac before mixing with CHCI3 or employing an
additional extraction step. Details of the varied extraction methods were listed in Table 1.
The collected dried power was dissolved in 300 pL of organic solvent consisting of
chloroform, MeOH, and water (20:75:5, v/v/v). Additionally, 1.5 nmol of 14:0/14:0-PE was
added to each sample at 5 pmol/L to serve as the internal standards (IS) for correction of
ionization efficiency.
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Condition of liquid chromatography-Mass spectrometry

Finnigan LTQ MS (Thermo Fisher Scientific Inc., Chino, CA, USA) connected to a CapLC
pump equipped with an autosampler (Waters, Milford, MA, USA) was employed for lipid
analysis in the present study. A split flow was generated to provide rapid introduction of the
solvent gradient to the separation column and reduce the separation time. A capillary tubing
(1.D. 50 pm, O.D. 356 um; Polymicro technologies, Phoenix, AZ, USA) was used to connect
the autosampler, HPLC pump and valve installed on the MS. All fittings such as union,
ferrules, adaptors and microcross were attained from IDEX Corporation (Lake Forest, IL,
USA). A capillary column was prepared in-house by filling the vacant capillary (1.D. 75 pm,
6 cm length) with the Watchers ODS-P C18 beads (particle diameter of 3 um, pore diameter
of 100 A, Isu Industry, Seoul, South Korea). One end of the capillary was pulled with Model
P-2000 (Sutter instrument Co., Novato, CA, USA) to form a 10 um I.D. tip. The four ends of
a microcross located between LC and MS were coupled with the capillary tubing from the
autosampler and capillary column, the Pt wire for ESI, and the flow-regulator capillary (I.D.
20 um) that controlled the spray flowrate at the tip of the column. At the sample injection
step, the flowrate was set as 800 nL/min., with 100% of solvent A and the pressure capillary
closed by the valve installed on the MS, thus 100% of the sample was injected to the
separation column. Following the 13-min injection step, the flowrate and ratio of solvent B
were raised as well as the valve to control the flow-regulator capillary was opened to
generate a split flow. An initial flowrate coming from the capillary HPLC pump was 15 pL/
min., with the majority of the flow split to the flow-regulator capillary, and the flow rate
passing through the separation column was only 300 nL/min. to improve ionization
efficiency. Solvent A and B were composed as water:acetonitrile at 9:1(v/v) and
isopropanol: chloroform: acetonitrile at 6: 2: 2 (v/v/v), respectively. To increase lipid
ionization, 5 mM of ammonium formate and 0.05% of ammonium hydroxide were added
[30] and the solvents were degassed prior to use. The full scan and data dependent CID
mode of MS was utilized to perform simultaneous quantification and qualification analysis
of lipids. The MS was set at a scan range of m/z 470 to 1050 and worked under a positive
ion mode. Data dependent CID was applied for lipid fragmentation; and the isolation width
of the parent ion and normalized collision energy were set at 2.0 and 50.0, respectively.

Results and Discussion

Scheme of lipid profiling from lipid corona on NPs

Fig. 1a illustrates the process of analyzing lipid adsorption on NPs incubated with a target
matrix. After incubation, the NPs are settled down by centrifugation to eliminate the
unbound biomolecules, which are further removed during several rounds of washing. Lipids
are co-precipitated with the NPs at bottom of vial, to which the extraction solution is added.
The polar molecules including proteins, ions, carbohydrates and the NPs are extracted to the
water layer, while the hydrophobic molecules like lipids participate in the organic solvent
layer (chloroform has a higher density than water, thus forms the lower layer). The two
layers can be well separated using gentle centrifugation that is not strong enough to
precipitate the NPs. The collected lipids from the organic layer are identified by LC-MS
system.
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One concern is that, if the NPs aggregate severely during extraction, they would quickly sink
down during the centrifugation step and be not separable from the lipid-dissolved organic
layer. As shown in Fig. 1b, the cloudy extraction solution containing the NPs of TiO,, PS
and CNF separated into two layers after centrifugation, and majority of the NPs seemed to
distribute in the water layer, leading to a much more turbid top layer than the transparent
chloroform layer. We also evaluated the size of the NPs before and after extraction by
Nanosight (Malvern Panalytical Ltd., UK). The water layer was collected and dried by
SpeedVac. The pellet was re-hydrated in the same volume of dH,O. For the extraction of
lipids from all three types of NPs tested, the particle concentration recovered in the water
layer was slightly lower than that added to the extraction solution (ESM, Fig. S3). This
indicates that a small proportion of the NPs may have moved to the organic layer by
centrifugation or aggregated slightly during extraction. The CNF and TiO, had negligible
change in their mean hydrodynamic size after treatment with chloroform and centrifugation,
while the NPs exhibited 20% size increase after extraction. We also detected a low degree of
aggregation, which further shows that the extraction was successful and NP loss into the
organic layer was insignificant.

Optimization of LC-MS for lipid analysis

We used 7 lipid standards for the optimization of the gradient condition for HPLC
separation. They are 1 LPC, 1 PEs, 1 DAG, 2 PCs and 2 TAGS, covering a wide range of
hydrophilicities among lipids. The chromatograms collected at varied elution conditions are
shown in Fig. 2a. At first, we ramped up the proportion of solvent B to 60 % within the first
minute and increased it to 90% within the next 10 minutes to elute relatively polar lipids the
lysophospholipids (LPLs) and phospholipids (PLs). Then, %B went up until 100% at t = 30
min and remained for the rest of the elution period, within which period the rest of the lipid
species except TAG were eluted between 10 and 20 min. Considering that most of the fatty
acids commonly found in mammalian biomatrix are 16:0, 18:0, 18:1, 18:2, 18:3, 20:4, 22:5
and 22:6 (the first number represents the carbon number of fatty acid and the second number
shows the number of double bonds) [28-33], but the lipid standards tested are relatively
short fatty acids, we adjusted the gradient to enlarge the elution window to accommodate
more PLs from the real samples. We either 1) elongated the time window of ramping up %B
from 60% at t = 1 min. to 90% %B at t = 18, 20, and 26 min.; or 2) kept the step of
increasing from 60% to 90% betweent =1 and t = 11 min., but elongated the later period
(from 90% - 100%) to 31 min. However, under these condition, the retention time difference
between LPC and 14:0/14:0-PE leaves a large gap of time where no sample is measured,
thus lowering efficiency. From Fig. 2a, we can see that, Condition B and C wasted too much
time to elute 14:0/14:0-PE (Lipid #2) after the elution of 16:0-LPC; and Condition D and E
exhibited little difference, both giving an elution gap too narrow to profile PL species from
real samples. Condition F, which had a long, 20-min ramping window for the high %B of
90%-100%, displayed an ideal elution situation: the short chain lipids were eluted within the
first 20 minutes and there was a gap between lipids #4 and #6, which could accommodate
the long chain lipids that preceded the elution of TAG. Thus, the gradient Condition F was
chosen in the following study.
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CID is an effective fragmentation route to obtain structural information of lipids [28,29,31].
Two representative CID spectra collected from this study were shown in Fig. 2b and 2c, for
16:0/14:0-PC (m/z 706.5) and 16:0/16:0/14:1-TAG, respectively. The first specific fragment
produced from PC was the ion at m/z = 523.4 tagged as [M+H-183]" in Fig. 2b, produced by
cleavage of the choline head from the parent ion. Inside the collision cell, specific fragment
ions were produced due to the loss of two acyl chains in the form of ketene (m/z 469.2 [M
+H-R, CH=C=0]* and m/z 497.3 [M+H-R{’CH=C=0]") or carboxylic acid (m/z 451.3 [M
+H-R,COOH]* and m/z 479.2 [M+H-R;COOH]™"). The exact 18 differences between the
m/z of the carboxylic acid and ketone forms and the intensities of these fragments further
support the location of the fatty acids, which are commonly labeled as R; and R, in lipid
nomenclature. Similarly, the structure of TAG can be revealed by the CID spectra (Fig. 2c).
Compared to the intrinsic molar mass of TAG, since its ionization was assisted by an
ammonium ion instead of a hydrogen ion, many of fragmentations occurred with the
addition of one ammonium ion. Three different fragments were produced from the cleavages
of three fatty acids, but only two large fragments were detected in Fig. 2c owing to the same
structure of Ry and R,. Cleavage of fatty acids from the parent ion of 16:0/16:0/14:1-TAG
produced the species of [M+NH4-R102COONH,4]* (m/z 522.4) and [M+NH4-R3COONH,]*
(m/z 552.4), with the two daughter species having the exact m/z difference of 30 due to an
additional 2 carbons and 6 hydrogens from 16:0 fatty acid compared with 14:1 fatty acid.
The fragments produced by losing acyl chain in the form of ketene or carboxylic acid
showed similar intensity, whereas the intensities of the secondary fragments relatively lower
than the first two primary fragments. With CID, the structures of all standard lipids were
correctly identified.

Development of methods for lipid extraction from NPs

Six different extraction protocols were examined for recovery of lipids from CNF, and the
results are shown in Fig. 3a. We calculated the recovery by normalizing the peak area in base
peak chromatogram (BPC) to that of the IS, 14:0/14:0-PE. The varied extraction protocols
were all based on the widely applied Folch method but with adjustments in whether the
SpeedVac-based solvent evaporation was applied before extraction, whether a second round
of extractions was conducted, or in the composition of the extraction solutions used in the
second extraction round. We can see from Figure 3a that, extraction protocol No. 1 and No.
2 yielded the lowest recovery compared to others probably because they only went through
one extraction round. Small differences in recovery were observed between No. 1 and No. 2,
indicating that the initial evaporation step to remove the sample solvent was not necessary.
This step may even induce more NP aggregation that could conceal lipids inside of
aggregated structures and prevent high recovery. Organic solvents with higher
hydrophobicity may not be favorable to dissolve the highly polar lipids like LPLs; however,
they should be good for releasing the lipids from the hydrophobic surface of NPs. Thus, we
employed pure chloroform to release all lipids from NPs, and then adjusted the polarity of
chloroform by increasing the percentage of MeOH from 0% to 50% in the second extraction
round, expecting to improve solubility of the more polar lipids and enhance recovery. As
expected, the recovery of LPC was higher with increasing %MeOH, generally ~ 80%, but
the recovery of TAG was reduced to ~ 60% in these protocols (No. 4-6). On the contrary, the
recovery of LPC in protocol No. 3, the protocol that utilized the highly hydrophobic

Anal Bioanal Chem. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal.

Page 8

chloroform in both rounds of extraction, was not significantly low and still maintained ~80%
(Fig. 3a). Therefore, we chose No. 3 to extract a wide range of lipids with different
hydrophobicity from NPs.

Figure 3b compared the recovery of the standard lipids from the three NPs chosen in this
study: 100 uL of CNF, PS and TiO5 NPs. It is noticeable that while CNF and TiO, NPs gave
out >80% for all of the standard lipids, PS NPs resulted in a relatively lower recovery for the
more hydrophilic LPLs, including LPC, PC, and PE. In particular, the recovery of 16:0 LPC
dropped to ~ 50%.

Comparative analysis of lipid composition from real sample

With the optimized extraction protocol and LC-MS/MS method, we analyzed the lipid
corona formed on these three NPs when incubated with serum and heavy cream. One
hundred L of the NP solution was mixed with 200 pL of serum or heavy cream and
incubated under mild vortexing condition for an hour. Both of two real samples were diluted
4 times with 1x PBS buffer before incubation with NPs. After incubation, NPs were
collected and washed to remove the free matrix molecules. Then, lipid extraction was
performed on the NPs. The lipids that were pelleted during the last extraction round were
dissolved in 1 mL of the organic solvent mixture (Chloroform 20: MeOH 75: water 5,
v/v/v); and the internal standard of 14:0/14:0-PE was added to a final concentration of 5
pmol/uL for LC-MS/MS analysis, with the injection volume fixed at 5 pL. The BPCs of
lipids obtained from the NPs after incubation with serum or heavy cream are displayed in
Figure 4a and 4b, respectively. According to the elution order of the lipid standards observed
in Fig. 2a, the whole retention time could be divided into three ranges: 10 ~ 15 min for
elution of LPLs, 15~30 min for PLs and DAGs, 30~40 min for TAGs. The general pattern
from each NP from the same sample, i.e. serum or heavy cream, looked similar, with fine
differences observed among the BPCs from different NPs. However, the patterns between
serum and heavy cream were substantially different, which reflect the large difference in
lipid composition between these two samples. These results hint that NPs could preserve the
main lipid profile originated from the sample, but each NP could differentially adsorb the
lipids depending on the properties of NPs and lipids.

To gain more understanding of the lipid adsorption profile, we quantified the concentration
of each identified lipid recovered from each type of NP. Since the ionization efficiency of
each lipid is different, affected by the structure and fatty acid length, the absolute amount of
each lipid species could not be obtained. We calculated the relative amount by comparing
the peak area of each lipid with that of the IS, which should be suitable for getting the lipid
composition profile in each sample. Except for the lipids with low abundancies, most lipids
species show reasonable standard deviation when three repeated extractions were performed.
According to their relative amounts, areas of several lipids revealed more than 70 times
larger than the peak area of IS, especially some TAGs. Lipids present at low abundancies
with the relative amount < 0.05 showed relatively higher standard deviations because their
detection was not as consistent as the more abundant lipids.

The relative quantification results are displayed in Table 2. In this study, each lipid was
represented by the total carbon number found on the two fatty acids of PC and PE, or the
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three fatty acids from TAG, followed by the number of double bond on each lipid. Like
mentioned above, although number of carbon and double bonds from two fatty acid
summed, each fatty acid could be speculated based on the characteristic fatty acids observed
from mammalian lipids as mentioned in the Introduction section. For example, 34:2-PC
should be from fatty acids 16:0 and 18:2, and 38:6-PC should be from either the
combination of 18:2/20:4 or 16:0/22:6. As for TAG species, 50:2-TAG is sum of
16:0,16:0,18:2 and 54:4-TAG may be acquired from the combination of 18:0/18:2/18:2 or
18:1/18:1/18:2 or 16:0/18:0/20:4. A brief overview of the numbers shown in Table 2
indicates that in general, more and higher quantities of lipids were recovered from heavy
cream than from serum, which holds true for all three types of NPs tested. This is
understandable because heavy cream is much richer than serum in lipid composition. One
exception is the LPC with the fatty acids containing a sum of 18 carbon number and various
number of double bonds, i.e. 18:0/18:1/18:2, most of which were not recovered at detectible
levels by the NPs from heavy cream but low relative amounts were extracted from serum.
Among the lipids recovered from serum, very few PC and DAGs were identified, in
particular with CNF and PS. TiO, NPs were able to recover some PC and DAG from serum,
but the relative amounts were about 2-10 times lower than those recovered by the same NPs
from heavy cream.

These conclusions can be seen more clearly in Figure 5, which compared the total number
(Fig. 5a) and relative contents (Fig. 5b) of each lipid category in a table and a bar plot. The
lipids are grouped into LysoPL (LPC + LPE), PL (PC and PE), DAG, and TAG. We can see
that higher number of PL and DAG species were found from heavy cream than serum.
However, the total numbers of TAG and LysoPL species from both matrices were quite
comparable. Although very few LysoPL species were found in both serum and heavy cream,
their relative contents in heavy cream were higher than in serum, owing to the higher overall
lipid content in heavy cream than in serum. TAG seems to be the main lipid category bound
to the NPPs. Even though the ionization efficiency of TAG is lower than other lipids owing to
their high m/z values, relatively higher amounts of TAG were found in both matrices by all
three types of NPs. Interestingly, while in serum, TiO, NPs adsorbed a higher relative
content of TAG than the other two NPs, but in heavy cream they bound to a significantly
lower amount of TAG.

The pie charts in Fig. 5c&d compare the lipid profiles adsorbed by the three NPs tested. We
can see that the lipid profile formed in serum was highly similar among the NPs. More than
70% of the adsorbed lipids were TAG and ~15% were PLs. While the profile did not change
much for CNF and PS when incubated in heavy cream, a noticeable difference was found for
the lipid adsorption profiles of TiO, between serum and heavy cream: a lower proportion of
TAG content was found in TiO5 than in the other two NPs. This agrees with what was
observed in Fig. 5b: TAG adsorption on TiO, was reduced in heavy cream compared to what
occurred in serum. On the contrary, adsorption of LysoPL by TiO, increased. These results
indicate that, the higher relative content of TAG found in the lipid corona formed on the
TiO, NPs when incubated in serum and heavy cream may be due to its higher amount in the
matrix than other lipid categories. However, the NPs prefer to bind to LysoPL than TAG,
probably because of its lower hydrophobicity as well as the single acryl chain that makes the
phosphate group more easily to coordinate with the Ti atom on the surface of TiO,. Thus,

Anal Bioanal Chem. Author manuscript; available in PMC 2019 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Leeetal. Page 10

when the matrix contains elevated amounts of LysoPL to compete with TAG for the binding
sites on the NPs, TAG adsorption would be reduced and the relative content of LysoPL in the
lipid corona would increase, as shown in Fig. 5c&d.

Conclusion

This study demonstrates lipid corona could be formed on NPs during incubation with serum
and heavy cream. The conventional organic solvent extraction protocol was found suitable
for lipid recovery from NPs, and the physical properties of the NPs were not changed before
and after extraction, eliminating the potential impacts on lipid study from NP dissolution or
aggregation. It was found in this study that, repeated extraction with 100% of CHClI3 could
lead to the best lipid recovery from the NPs. LC separation condition was also optimized to
cover the wide range of lipids found in these samples. The developed method was applied to
study the lipid corona composition on three types of NPs incubated in serum and heavy
cream. More lipids were recovered from heavy cream than from serum, which is probably
due to the higher lipid content in heavy cream. The more hydrophobic CNF and PS formed
similar lipid corona in both matrices, while the more hydrophilic TiO, tended to adsorb less
TAG. In addition, our result hints that, lipid adsorption on TiO, is more selective than CNF
and PS, because its lipid profile would be affected by the lipid composition of the matrix: if
the matrix contains the competitive lipids, like LysoPL, adsorption of TAG, which is more
abundant than others, would be affected. Specific interaction may occur between TiO, and
LysoPL which may have higher affinity to TiO, than other lipid categories.
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Refer to Web version on PubMed Central for supplementary material.
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Figurel.

(A) Schematic of lipid extraction and analysis process, including collection of NPs
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incubated with the biological sample, extraction of lipids binding to the NP surface, and

NPs before and after being mixed with chloroform.
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a) optimization of LC condition with 7 different lipid Std.
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b) CID spectra of 16:0/14:0-PC
(No 3, m/z 706.5)
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(A) Base peak chromatograms (BPC) of 7 lipid species under 6 (a — f) different solvent

gradients. The Y-axis on the right side represents the percentage of solvent B (%B) in the
gradient elution program; the underlined numbers on the BPC are the time point at which
%B reached to the value on X-axis; and the numbers without underlines depict each lipid
species. (B) and (C) are the specific CID fragment patterns of PC and TAG, respectively.
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a) Comparison of 6 different extraction methods

120 120
=No.1 ®No.2 =No.3 =No.4 =No.5 =No.6 ®CNF  mPolystyrene = TiO2
100 T T _ 100 [
4o I ; —
‘ -
g 80 | - I l T [ g 80 i [
2 r + I T 2
2 60 S 60
o o
3 3
¢ 40 2 40
20 20
0 0

K S P P & &L

S O S N = > > W8T W W& N
® S S S & o N TS S S
N & N & > S S

$ N ® S

N o S

RO & &

Lipid Species Lipid Species

Figure 3.

(A) Recovery of 7 lipid standards obtained by the 6 different extraction methods. (B)

b) Extracted lipid from different NPs
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Recovery comparison of 7 lipid standards from CNF, PS and TiO, NPs using Method No. 3.

All recovery values were calculated from triplicated detections.
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BPCs of lipid extracted from serum and heavy cream samples with three different NPs
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Figure 4.
Base peak chromatograms of lipids extracted from three NP coronas after incubation in (A)

serum and (B) heavy cream.
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a) Number of profiled lipids
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c) Composition of lipids observed from serum
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Figureb5.
Comparison of the lipid adsorption profiles among NPs when incubated with serum and

heavy cream. The profile on each NP in the matrix is represented in three ways: (A) numbers
of identified lipids within each lipid category (LysoPLs, PLs, DAG and TAG); (B) the sum
relative amounts of all lipid species belonging to each lipid category; and (C) the percentage
of each lipid category among all lipids adsorbed by the NPs, calculated by dividing the sum
relative amount of each lipid category by the sum relative amount of all four lipid categories
considered in the present work.
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Table 1

Summary of the conditions in the six varied extraction approaches tested. (“v”" — performed; “x” not
performed)

No SpeedVac 1% extraction 2nd extraction

1 v CHClI; 300 pL, then H,0 900 pL added x

2 x CHCl3 300 pL x

3 x CHCl3 300 pL CHCl3 300 uL

4 x CHCl;3 300 pL CHClj 250 L, MeOH 50 L.

5 x CHCl;3 300 pL CHCl3 200 uL, MeOH 100 pL

6 x CHClj 300 pL CHClg 150 uL, MeOH 150 uL
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