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Abstract

The protein corona, a dynamic biomolecular layer that forms on nanoparticle (NP) surfaces upon
exposure to biological fluids is emerging as a valuable diagnostic tool for improving plasma proteome
coverage analyzed by liquid chromatography-mass spectrometry (LC-MS/MS). Here, we show that
spiking small molecules, including metabolites, lipids, vitamins, and nutrients, into plasma can induce
diverse protein corona patterns on otherwise identical NPs, significantly enhancing the depth of
plasma proteome profiling. The protein coronas on polystyrene NPs when exposed to plasma treated
with an array of small molecules (n=10) allowed for detection of 1793 proteins marking an 8.25-fold
increase in the number of quantified proteins compared to plasma alone (218 proteins) and a 2.63-
fold increase relative to the untreated protein corona (681 proteins). Furthermore, we discovered
that adding 1000 pg/ml phosphatidylcholine could singularly increase the number of unique proteins
within the protein corona (897 proteins). This specific concentration of phosphatidylcholine
selectively depleted the four most abundant plasma proteins, including albumin, thus reducing
concentration dynamic range of plasma proteome and boosting LC-MS/MS sensitivity for detection
of proteins with lower abundance. By employing an optimized data-independent acquisition (DIA)
approach, the inclusion of phosphatidylcholine led to the detection of 1436 proteins in plasma. This
significant achievement is made utilizing only a single NP type and one small molecule to analyze a
single plasma sample, setting a new standard in proteomic depth of the plasma sample. Given the
critical role of plasma proteomics in biomarker discovery and disease monitoring, we anticipate
widespread adoption of this methodology for identification and clinical translation of proteomic
biomarkers into FDA approved diagnostics.

Introduction

The quest to comprehensively analyze the plasma proteome has become crucial for advancing disease
diagnosis and monitoring, as well as biomarker discovery."? Yet, obstacles like identifying low-abundance
proteins remain owing to the prevalence of high-abundance proteins in plasma where the seven most
abundant proteins collectively represent 85% of the total protein mass.> * Peptides from these high-
abundance proteins, especially those of albumin, tend to dominate mass spectra impeding the detection of
proteins with lower-abundance.

To address this challenge, techniques such as affinity depletion, protein equalizer, and electrolyte
fractionation have been developed to reduce the concentration of these abundant proteins, thereby
enhancing the detection of proteins with lower-abundance.>®’ Additionally, a range of techniques has been
developed to enhance the throughput and depth of protein detection and identification, from advanced
acquisition modes to methods that concentrate low-abundance proteins or peptides for liquid
chromatography tandem mass spectrometry (LC-MS/MS) analysis.>* %1% 11:1213 For instance, in the affinity
depletion strategy'*, affinity chromatography columns are used with specific ligands that bind to high-
abundance proteins such as albumin, immunoglobulins, and haptoglobin. However, cost and labor
associated with such depletion strategies hampers their application for large cohorts. As another example,
salting-out technique'® is used to add reagents (e.g., ammonium sulfate) to selectively precipitate high-
abundance proteins, leaving the lower-abundance proteins in the supernatant. However, these methods can
introduce biases in precipitating lower-abundance proteins as well, and therefore, additional robust
strategies are needed to ensure low-abundance proteins with high diagnostic potential are not missed in
biomarker discovery studies.

Recently, nanoparticles (NPs) have gained attention for their ability to enhance biomarker discovery
through analysis of the spontaneously-forming protein/biomolecular corona (i.e., a layer of biomolecules,
primarily proteins, that forms on NPs when exposed to plasma or other biological fluids)'® '8!, The NP
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protein corona can contain a unique ability to concentrate proteins with lower abundance, easily reducing
the proteome complexity for LC-MS/MS analysis.> '* 2

Application of single NPs for biomarker discovery has limitations in achieving deep proteome coverage,
typically enabling the detection of only hundreds of proteins.?' To enhance proteome coverage and quantify
a higher number of plasma proteins, the use of a protein corona sensor array or multiple NPs with distinct
physicochemical properties can be implemented. This approach leverages the unique protein corona that
forms on each NP to increase proteome coverage, but carries the drawback of having to analyze multiple
NP samples and needing to test many NP types to increase proteome coverage.> 2"

Small molecules native to human biofluids play a significant role in regulating human physiology, often
through interactions with proteins. Therefore, we hypothesize that small molecules might influence the
formation of the NP protein corona and serve to enrich specific proteins including biomarkers or lower
abundance proteins. Recent findings have reported that high levels of cholesterol results in a protein corona
with enriched apolipoproteins and reduced complement proteins, which is due to the changes in the binding
affinity of the proteins to the NPs in the presence of cholesterol.”* Accordingly, we hypothesized that small
molecules endogenous to human plasma may affect the composition of the NP protein corona differently
depending on whether these molecules act individually or collectively.*

Our work presents an efficient methodology that harnesses the influence of various small molecules in
creating diverse protein coronas on otherwise identical NPs. Our primary hypothesis, corroborated by our
findings, posits that introducing small molecules into plasma alters the way these proteins engage with NPs.
This alteration, in turn, modulates the protein corona profile of the NPs. As a result, when NPs are incubated
with plasma pre-treated with an array of small molecules at diverse concentrations, these small molecules
significantly enhance the detection of a broad spectrum of low-abundance proteins through LC-MS/MS
analyses. The selected small molecules include essential biological metabolites, lipids, vitamins, and
nutrients  consisting of glucose, triglyceride, diglycerol, phosphatidylcholine (PtdChos),
phosphatidylethanolamine (PE), L-a-phosphatidylinositol (PtdIns), inosine 5’-monophosphate (IMP), and
B complex and their combinations. Our findings confirm that the addition of these small molecules in
plasma generates distinct protein corona profiles on otherwise identical NPs, significantly expanding the
dynamic range of the plasma proteome that can be captured and detected by simple LC-MS/MS analysis.
Notably, we discover that the addition of specific small molecules, such as PtdChos, leads to a substantial
increase in proteome coverage, which is attributed to the unique ability of PdtChos to bind albumin and
reduce its participation in protein corona formation. Therefore, PtdChos coupled with NP protein corona
analysis can replace the expensive albumin depletion kits and accelerate the plasma analysis workflow by
reducing processing steps. Furthermore, our single small molecule-single NP platform reduces the necessity
for employing multiple NP workflows in plasma proteome profiling. This approach can seamlessly
integrate with existing LC-MS/MS workflows to further enhance the depth of plasma proteome analysis
for biomarker discovery.

Results
Protein corona and small molecules enable deep profiling of the plasma proteome

We assessed the effect of eight distinct sets of small molecules, namely, glucose, triglyceride, diglycerol,
PtdChos, PE, PtdIns, IMP, and vitamin B complex, on the protein corona formed around polystyrene NPs.
The selection of these molecules was based on their ability to interact with a broad spectrum of proteins,
which significantly influences the composition of the protein corona surrounding NPs. For example B
complex components can interact with a wide range of proteins including albumin® %, hemoglobin®,
myoglobin?’, pantothenate permease?, acyl carrier protein®, lactoferrin®’, prion®', B-amyloid precursor?,
and niacin-responsive repressor’. Additionally, to assess the collective effects of these molecules, we
analyzed two representative "molecular sauces." Molecular sauce 1 contained a blend of glucose,
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triglyceride, diglycerol, PtdChos, and molecular sauce 2 consisted of PE, PtdIns, IMP, and vitamin B
complex. The workflow of the study is outlined in Supplementary Scheme 1.

Commercially available plain polystyrene NPs, averaging 80 nm in size, were purchased. Each small
molecule, at varying concentrations (10, 100, and 1000 pg/ml), was first incubated with commercial pooled
healthy human plasma at 37°C for 1 h allowing the small molecules to interact with the biological matrix.
Subsequently, NPs at a concentration of 0.2 mg/ml were introduced into the plasma containing small
molecules or sauces and incubated for an additional hour at 37°C with agitation. These methodological
parameters were refined from previous studies to guarantee the formation of a distinct protein corona around
the NPs. Supplementary Fig. 1 offers further details on our methodologies, showcasing dynamic light
scattering (DLS), zeta potential, and transmission electron microscopy (TEM) analyses for both the
untreated NPs and those covered by a protein corona®*. The untreated polystyrene NPs exhibited excellent
monodispersity, with an average size of 78.8 nm with the polydispersity index of 0.026 and a surface charge
0f-30.1 + 0.6 mV. Upon formation of the protein corona, the average size of NPs expanded to 113 nm, and
the surface charge shifted to -10 mV £ 0.4 mV. TEM analysis further corroborated the size and morphology
alterations of the NPs before and after protein corona formation (Supplementary Fig. 1).

To investigate how spiking different concentrations of small molecules can influence the molecular
composition of the protein corona, samples were subjected to high-resolution LC-MS/MS analysis. While
the analysis of plasma alone led to quantification of 218 unique proteins, analysis of the protein corona
formed on the polystyrene NPs significantly enhanced the depth of plasma proteome sampling to enable
quantification of 681 unique proteins. Furthermore, the inclusion of small molecules further deepened
plasma proteome sampling to enable quantification of between 397 and up to 897 unique proteins,
depending on the small molecules added to plasma prior to corona formation. When comparing the use of
protein coronas, both with and without the inclusion of small molecules, to the analysis of plasma alone
(Fig. 1a and Supplementary Data 1), there is a notable increase—approximately a threefold rise—in the
number of proteins that can be quantified.

Interestingly, the concentration of small molecules did not significantly affect the number of quantified
proteins; only a small stepwise reduction in the number of quantified proteins was noted with increasing
concentrations of glucose and diglycerol. Cumulatively, the incorporation of small molecules and molecular
sauces into the protein corona of NPs led to a significant increase in protein quantification, with a total of
1793 proteins identified, marking an 8.25-fold increase compared to plasma alone. Specifically, the addition
of small molecules resulted in the quantification of 1573 additional proteins compared to plasma alone, and
1037 more proteins than the untreated protein corona. Strikingly, spiking 1000 pg/ml of PtdChos
singlehandedly increased the number of quantified proteins to 897 (1.3-fold of quantified proteins in
untreated plasma). This observation prompted a detailed investigation into the influence of PtdChos on
plasma proteome coverage, which is elaborated in the following sections. We note that our analysis focuses
on the fold changes of quantified proteins compared to plasma and the untreated corona, rather than the
absolute numbers of quantified proteins. This is mainly because the numbers of quantified proteins are
strongly dependent to the workflow of mass spectrometry; for example we recently revealed that analysis
of identical corona-coated polystyrene NPs by various mass spectrometry centers resulted in varying
numbers of quantified proteins, ranging from 235 to more than a thousand.*> Therefore, our fold-change
analysis is more conservative and less subject to mass spectrometry workflow biases.*®

The distribution of normalized protein intensities for the samples is shown in Fig. 1b. The median value in
the plasma group was notably higher than in the other samples, although the overall distribution did not
differ significantly. In general, the proteomes obtained from protein corona profiles in the presence of small
molecules showed a good correlation (generally a Pearson correlation above 0.6 for most small molecule
comparisons) demonstrating the faithful relative representation of proteins after treatment with different
small molecules (Supplementary Fig. 2).
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Fig. 1. Small molecules affect the plasma proteome sampling. a, The number of quantified proteins in
plasma, untreated protein corona and protein coronas in the presence of small molecules and molecular
sauces (mean = SD of three technical replicates). The cumulative number of unique proteins identified
across all conditions is also shown using the purple bar. For fair comparison, the database was performed
individually for each small molecule. b, The distribution of normalized intensities for proteins quantified
in the plasma, untreated protein corona and protein coronas in the presence of small molecules and
molecular sauces (center line, median; box limits contain 50%; upper and lower quartiles, 75 and 25%;
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maximum, greatest value excluding outliers; minimum, least value excluding outliers; outliers, more than
1.5 times of upper and lower quartiles). ¢, The hierarchical clustering of all proteins quantified across all
samples. d, The clustering of 117 shared proteins across all samples. Experiments were performed in three
technical replicates and protein abundances were averaged for each condition.

Small molecules diversify the protein corona composition

We next investigated if the addition of small molecules would change the type and number of proteins
detected by LC-MS/MS. Indeed, each small molecule and the molecular sauces generated a proteomic
fingerprint that was distinct from untreated protein corona or those of other small molecules (Fig. 1c).
Spiking small molecules led to detection of a diverse set of proteins in the plasma. Interestingly, even
different concentrations of the same small molecules or molecular sauces produced unique fingerprints. A
similar analysis was performed for the 117 shared proteins across the samples (Fig. 1d). The Venn
diagrams in Supplementary Fig. 3a and 3b show the number of unique proteins that were quantified in the
respective group across all concentrations which were not quantified in the plasma or in the untreated
protein corona. These results suggest that spiking small molecules into human biofluids can diversify the
range of proteins that are quantifiable in protein corona profiles, effectively increasing proteomic coverage
to lower abundance proteins. Such an enrichment or depletion of a specific subset of proteins can be
instrumental in biomarker discovery focused on a disease area. This feature can also be used for designing
assays where the enrichement of a known biomarker is facilitated by using a given small molecule. As
representative examples, a comparison of enriched and depleted proteins for molecular sauce 1 and 2 against
the untreated protein corona is shown in Supplementary Fig. 3¢ and 3d, respectively (Supplementary
Data 2). In certain cases, the enrichment or depletion was drastic, spanning several orders of magnitude.
The enriched and depleted proteins for the molecular sauce 1 and 2 were mapped to KEGG pathways and
biological processes in StringDB (Supplementary Fig. 3c-d). While most of the enriched pathways were
shared, some pathways were specifically enriched for a given molecular sauce. For example, systemic lupus
erythematosus (SLE) was only enriched among the top pathways for molecular sauce 2. Therefore, the
small molecules can be potentially used for facilitating the discovery of biomarkers for specific diseases,
or for assaying the abundance of a known biomarker in disease detection.

Similar analyses were performed for all the small molecules and the volcano plots for the highest
concentration of each molecule (i.e., 1000 pg/ml) are demonstrated in Supplementary Fig. 4
(Supplementary Data 2). A pathway analysis was also performed for all the significantly changing
proteins for each small molecule at all concentrations (Supplementary Fig. 5). To facilitate comparison,
we have combined the enrichement analysis for all the samples vs. the untreated protein corona in
Supplementary Fig. 6.

To demonstrate how small molecules affect the composition and functional categories of proteins in the
protein corona, potentially aiding in early diagnosis of diseases (since proteins enriched in the corona are
pivotal in conditions like cardiovascular and neurodegenerative diseases), we utilized bioanalytical
methods®’ to categorize the identified proteins based on their blood-related functions namely complement
activation, immune response, coagulation, acute phase response, and lipid metabolism (Supplementary
Fig. 7). In our analysis, apolipoproteins were major protein types that were found in the small molecule
treated protein corona, and their types and abundance were heavily dependent to the type and concentrations
of the employed small molecules (Supplementary Fig. 8). Similarly, the enrichment of other specific
protein categories on NPs surfaces was influenced by the type and concentration of small molecules used
(Supplementary Fig. 8). For example, antithrombin-III in coagulation factors plays a significant role in
the protein corona composition of all tested small molecules, but this effect is observed only at their highest
concentration. At lower concentrations, or in the untreated protein corona, this considerable participation
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is not evident (Supplementary Fig. 8). This ability of small molecules to modify the protein composition
on NPs highlights their potential for early disease diagnosis (e.g., apolipoprtoeins in cardiovascular and
neurodegenerative disorders)®® *°, where these protein categories are crucial in disease onset and
progression **.

PtdChos increases proteome coverage by depleting the abundant plasma proteins

To understand whether the quantification of a higher number of proteins in protein corona profiles was due
to a lower dynamic range of proteins available in human plasma for NP binding, we plotted the maximum
protein abundance vs. minimum protein abundance for plasma alone, and plasma treated with small
molecules in Supplementary Fig. 9. The plasma alone showed the highest dynamic range, suggesting that
quantification of low-abundance proteins would be most difficult from plasma alone. Conversely, addition
of small molecules was shown to reduce plasma protein dynamic range, thereby allowing for detection of
more peptides and quantification of proteins with lower abundance through the NP protein corona.

Notably, while albumin accounted for over 81% of our plasma sample, its representation was significantly
lowered to an average of 29% in the protein coronas, both with and without small molecule modifications.
This reduction was most pronounced with PtdChos treatment at 1000 pg/ml, where albumin levels dropped
to around 17% of plasma proteins (Fig. 2a). Despite these changes, albumin remained the most abundant
protein in all samples. A similar diminishing trend was observed for the second and third most abundant
proteins, serotransferrin (TF) and haptoglobin (HB), which made up about 3.9% and 3.6% of plasma protein
abundance, respectively. The rankings of these proteins' abundance in each sample are depicted above their
corresponding circles in Fig. 2a. From this analysis, it is evident that the protein corona, both in its native
form and when altered by small molecules, can drastically reduce the combined representation of the top
three proteins from about 90% to roughly 29%. The most substantial reduction was observed with PtdChos
at 1000 pg/ml, reducing the top three proteins' cumulative representation from 90% to under 17%. PtdChos
treatment also effectively reduced the levels of the fourth most abundant plasma protein IGHA1.This
significant decrease in the abundance of highly prevalent plasma proteins explains the marked increase in
the number of unique proteins detected from NP corona samples treated with PtdChos. These results
indicate that high concentrations of PtdChos can be strategically employed to enable more comprehensive
plasma protein sampling by specifically targeting and depleting the most abundant plasma proteins,
especially albumin.

The stream (or alluvial) diagram in Fig 2b shows the overall changes in the representation of proteins found
in plasma upon incubation of protein corona with different concentrations of PtdChos. To validate this
discovery, we prepared fresh samples treated with a series of PtdChos concentrations ranging from 100 to
10,000 pg/ml (Supplementary Data 3). As shown in Fig 2¢, 957 proteins could be quantified in the protein
corona treated with PtdChos at 1000 pg/ml, while neither lower concentration nor further addition of
PtdChos enhanced the number of quantified proteins. The stream diagram in Fig 2d shows the specific
depletion of albumin and a number of other abundant proteins in plasma upon addition of PtdChos, allowing
for more robust detection of other proteins with lower abundance.

To confirm that the improved proteome coverage achieved with PtdChos treatment is independent of the
LC-MS platform used, we prepared new samples of plasma, untreated protein corona, and protein corona
treated with 1000 pg/ml PtdChos, and analyzed them using data-independent acquisition (DIA) LC-MS in
another core facility. We identified 322 proteins in the plasma alone, 1011 proteins in the untreated protein
corona samples, and 1436 proteins in the protein corona treated with PtdChos (1.4-fold increase over the
untreated corona) (Supplementary Data 4). These findings not only validate the enhancement of plasma
proteome coverage by PtdChos but also illustrate the capability of PtdChos to facilitate the in-depth
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profiling of the plasma proteome associated with protein corona formed on the surface of a single type of
NP. Since the ratio of the number of quantified proteins through PtdChos spiking is generally around 1.4-
fold higher than in the NP corona alone, PtdChos can be incorporated into any LC-MS workflow aiming to
boost plasma proteome profiling. More optimized plasma proteomics pipelines or high-end mass
spectrometers such as Orbitrap Astral are envisioned to quantify an even higher number of proteins that
those reported in the current study.
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Fig. 2. PtdChos can deplete the most abundant plasma proteins in protein corona. a, Comparative
analysis of protein abundance and rankings in untreated plasma versus protein corona profiles, both with
and without the addition of small molecules (note that albumin ranked 1* in all samples). b, A stream (or
alluvial) diagram illustrating the significant depletion of abundant plasma proteins, particularly albumin,
following the incubation of plasma with NPs and PtdChos (only shared proteins with plasma are included).
¢, The total count of proteins identified in plasma samples incubated with NPs, comparing treatments with
and without PtdChos at various concentrations (mean + SD of three technical replicates). d, A stream
diagram demonstrating the depletion pattern of abundant plasma proteins, especially albumin, in response
to NP addition and enhanced with escalating concentrations of PtdChos (only shared proteins with plasma
are included).
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Discussion

The protein corona is a layer of proteins that spontaneously adsorbs on the surface of nanomaterials when
exposed to biological fluids.*” The composition and dynamic evolution of the protein corona is critically
important as it can impact the interactions of NPs with biological systems (e.g., activate the immune
system), can cause either positive or adverse biocompatibility outcomes, and can greatly affect NP
biodistribution in vivo.** The specific proteins that adsorb on the surface of the NPs depend on various
factors, including the physicochemical properties of the NPs and the composition of the surrounding
biological fluid.*> Metabolites, lipids, vitamins, nutrition, and other types of small biomolecules present in
the biological fluid can interact with proteins in these fluids and influence their behavior, including their
adsorption onto NPs. For example, it was shown that addition of glucose and cholesterol to plasma can alter
the composition of protein corona on the surface of otherwise identical NPs.**** Small molecules can alter
the protein corona of NPs, after interaction with plasma proteins, due to various mechanisms such as i) their
competition with proteins for binding to the surface of NPs; ii) altering proteins’ binding affinities to NPs;
and iii) changing protein conformation.”® ** For example, previous studies revealed that triglyceride,
PtdChos, PE , and PtdIns can interact with lipovitellin*', C-reactive protein*?, protein Z*, and myelin basic
protein (MBP)*, respectively. Each individual small molecule and their combinations interrogates tens to
hundreds of additional proteins across a broad dynamic range in an unbiased and untargeted manner.
Therefore, any changes in the level of the small molecules in the body can alter the overall composition of
the protein corona, leading to variations in the types and number of proteins that bind to NPs and
consequently their corresponding interactions with biosystems.?

Among the various employed small molecules, we discovered that PtdChos alone demonstrates a
remarkably high ability to reduce the participation of the most highly abundant proteins in protein corona
composition. PtdChos is the most common class of phospholipids in the majority of eukaryotic cell
membranes.*’ For a long time, it has been established that PtdChos can engage in specific interactions with
serum albumin through hydrophobic processes.*® ¥/, forming distinct protein-lipid complexes.*®** As a
result, we found that the simple addition of PtdChos to plasma can significantly reduce albumin's affinity
for the surface of polystyrene NPs, thereby creating unique opportunities for the involvement of a broader
range of proteins with lower-abundance in the corona. Not only PtdChos is an economical and simple
alternative for conventional albumin depletion strategies, but it can also deplete several other highly
abundant proteins as an added advantage. This approach reduces the necessity for employing NP arrays in
plasma proteome profiling, and the cost and biases that can occur with albumin depletion or multistep
protocols. Additionally, PtdChos can help accelerate plasma analysis workflows by reducing the sample
preparation steps.

In summary, our study highlights the tremendous potential of leveraging small molecules in enhancing the
capabilities of protein corona profiles for broader plasma proteome analysis. By introducing individual
small molecules and their combinations into plasma, we have successfully created distinct protein corona
patterns on single identical NPs, thereby expanding the repertoire of attached proteins. Using LC-MS/MS,
we quantified an additional 1573 unique proteins that would otherwise remain undetected in plasma. This
enhanced depth in protein coverage can be attributed, in part, to the unique interactions of each small
molecule, allowing for representation of a diverse set of proteins in the corona. Moreover, our findings
underscore the influence of small molecules on the types and categories of proteins in the protein corona
shell. This feature opens exciting possibilities for early disease diagnosis, particularly in conditions such as
cardiovascular and neurodegenerative disorders, where enriched proteins, such as apolipoproteins, play
pivotal roles. Overall, our research not only enhances the depth and scope of plasma proteome analysis but
also suggests promising avenues for the development of novel biomarkers and diagnostic approaches.
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In summary, our platform is capable of quantifying up to 1793 proteins when using a single NP with an
array of small molecules, while only 218 and 681 proteins could be quantified using the plasma or the NP
protein corona alone. Finally, we showed the possibility of quantifying up to 1436 proteins using a single
NP and PtdChos alone using a single plasma sample. The number of detected proteins will therefore
dramatically increase if this platform is applied to a cohort of patient samples with individual variabilities.
Expectedly, with progressive development of LC-MS platforms, the depth of analysis can further increase
towards the ultimate goal of comprehensive human proteome coverage. We envision the widespread use of
this platform in plasma proteome profiling, holding huge potential in disease diagnostics and monitoring.

Materials and Methods

Materials. Healthy human plasma protein was obtained from Innovative Research (www.innov-
research.com) and diluted to a final concentration of 55% using phosphate buffer solution (PBS, 1X). Plain
polystyrene NPs (~ 80 nm) were provided by Polysciences. (www.polysciences.com). Small molecules
were ordered from Sigma, Abcam, Fisher Scientific, VWR, Beantown, and diluted with PBS (1X) to the
desired concentration.

Protein corona formation on the surface of NPs in the presence of small molecules. For protein corona
formation in the presence of small molecules, human plasma diluted to 55% by PBS was first incubated
with individual small molecules or in combination by preparing two molecular sauces of individual small
molecules at different concentration (i.e., 10, 100, and 1000 pg/ml) for 1 h at 37 °C. Then, polystyrene NPs
were added to the mixture of plasma and small molecules solution so that the final concentration of the NPs
was 0.2 mg/ml and incubated for another 1 h at 37 °C. It is noteworthy that all experiments are designed in
a way that the concentration of NPs, human plasma, and small molecules were 0.2 mg/ml, 55%, and 10,
100, 1000 pg/ml, respectively. To remove unbound and plasma proteins only loosely attached to the surface
of NPs, protein-NPs complexes were then centrifuged at 14,000 ~ g for 20 minutes, the collected NPs’
pellets were washed three times with cold PBS under the same conditions, and the final pellet was collected
for further analysis. For the PtdChos concentration study, we used various concentrations of PtdChos (i.e.,
100, 500, 1000, and 10000 pg/ml) and used the above protocol for preparation of the samples for mass
spectrometry analysis.

NP characterization. DLS and zeta potential analyses were performed to measure the size distribution and
surface charge of the NPs before and after protein corona formation using a Zetasizer nano series DLS
instrument (Malvern company). A Helium Neon laser with a wavelength of 632 nm was used for size
distribution measurement at room temperature. TEM was carried out using a JEM-2200FS (JEOL Ltd.)
operated at 200kV. The instrument was equipped with an in-column energy filter and an Oxford X-ray
energy dispersive spectroscopy (EDS) system. 20 pul of the bare NPs were deposited onto a copper grid and
used for imaging. For protein corona—coated NPs, 20 ul of sample was negatively stained using 20 pl uranyl
acetate 1%, washed with DI water, deposited onto a copper grid, and used for imaging. PC composition
was also determined using LC-MS/MS.

LC-MS/MS sample preparation for the screening and concentration series experiments

Initial processing: NPs coated with protein corona were first washed with PBS and then resuspended in 30
ul of PBS, enriched with 15 mM phosphate (pH 7.4). The bound total protein content was estimated to be
around 1 pg per sample, determined via a micro BCA assay. The samples were reduced with 2 mM
dithiothreitol (DTT) incubated at 50°C for 45 minutes with shaking at 700 rpm. Thereafter, proteins were
alkylated with iodoacetamide (IAA) at 8§ mM in the dark at room temperature. LysC/Trypsin enzyme mix
was added at a concentration of 0.02 pg/pl and samples were incubated overnight at 37°C.
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Samples were centrifuged at 16,000xg for 20 minutes at room temperature to pellet the NPs. The
supernatant, containing the peptide digest, was collected, vacuum dried, and desalted using Pierce C18 spin
tips (Thermo, 84850) following the manufacturer's instructions. Samples were vacuum dried again and
stored in the refrigerator until LC-MS analysis.

LC-MS/MS Analysis: Dried samples were reconstituted with 1 pg of peptides in 25 pul of LC loading buffer
(3% ACN, 0.1% TFA) and analyzed using LC-MS/MS. A 60-minute gradient was applied in LFQ mode,
with 5 pl aliquots injected in triplicate. Control samples (55% human plasma) were prepared with 8 pg of
peptides in 200 pl of loading buffer and analyzed similarly. An Ultimate 3000RSLCnano (Thermo Fisher)
HPLC system was used with predefined columns, solvents, and gradient settings. Data Dependent Analysis
(DDA) was performed with specific MS and MS2 scan settings, followed by data analysis using Proteome
Discoverer 2.4 (Thermo Fisher), applying the protocols detailed in our earlier publication (center #9)**. The
PtdChos concentration series experiment was performed using the same protocol, and the samples were
analyzed over a 120 min gradient.

LC-MS analysis by DIA

The samples were centrifuged at 14,000 g for 20 min to remove the unbound proteins. The collected NP
pellets were washed three times with cold PBS under the same conditions. The samples were resuspended
in 20 ul of PBS, and the proteins were reduced with 2 mM DTT (final concentration) for 45 min and then
alkylated using 8 mM IAA (final concentration) for 45 min in the dark. Subsequently, 5 pl of LysC at 0.02
ug/ul was added for 4h, followed by the same concentration and volume of trypsin overnight. The samples
were then centrifuged at 16,000g for 20 min at room temperature to remove the NPs then cleaned using
C18 cartridges and vacuum dried.

Dried peptides were resuspended in 0.1% aqueous formic acid and subjected to LC-MS/MS analysis using
an Exploris 480 Mass Spectrometer fitted with an Vanquish Neo (both Thermo Fisher Scientific) and a
custom-made column heater set to 60°C. Peptides were resolved using a RP-HPLC column (75 um x 30
cm) packed in-house with C18 resin (ReproSil-Pur C18-AQ, 1.9 um resin; Dr. Maisch GmbH) at a flow
rate of 0.2 pL/min. The following gradient was used for peptide separation: from 4% B to 10% B over 7.5
min to 35% B over 67.5 min to 50% B over 15 min to 95% B over 1 min followed by 10 min at 95% B to
5% B over 1 min followed by 4 min at 5% B. Buffer A was 0.1% formic acid in water and buffer B was
80% acetonitrile, 0.1% formic acid in water.

The mass spectrometer was operated in DIA mode with a cycle time of 3 seconds. MS1 scans were acquired
in the Orbitrap in centroid mode at a resolution of 120,000 FWHM (at 200 m/z), a scan range from 390 to
910 m/z, normalized AGC target set to 300 % and maximum ion injection time mode set to Auto. MS2
scans were acquired in the Orbitrap in centroid mode at a resolution of 15,000 FWHM (at 200 m/z),
precursor mass range of 400 to 900, quadrupole isolation window of 7 m/z with 1 m/z window overlap, a
defined first mass of 120 m/z, normalized AGC target set to 3000% and a maximum injection time of 22
ms. Peptides were fragmented by higher-energy collisional dissociation (HCD) with collision energy set to
28% and one microscan was acquired for each spectrum.

The acquired raw-files were searched individually using the Spectronaut (Biognosys v18.6) directDIA
workflow against a Homo sapiens database (consisting of 20,360 protein sequences downloaded from
Uniprot on 2022/02/22) and 392 commonly observed contaminants. Default settings were used.

Data analysis
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First, data were normalized by total protein intensity in each technical replicate. Data analysis was
performed using R project version 4.1.0. Missing values were replaced by the constant value of 10"-10 for
all conditions.

Statistics and reproducibility

All measurements were performed as a triplicate analysis of a given aliquot. The DIA analysis was
performed in one replicate.
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