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Reproducible protein quantitation of 270 human
proteins at increased depth using nanoparticle-
based fractionation and multiple reaction
monitoring mass spectrometry with stable
isotope-labelled internal standards†

Claudia Gaither, ‡a,b Robert Popp, ‡a Aaron S. Gajadhar c and
Christoph H. Borchers *d,e,f,g

Here we show that when using a mix of 274 light synthetic peptide standards (NAT) as surrogates for

270 human plasma proteins, as well as stable isotope-labelled standards (SIS) as normalizers (both from

MRM Proteomics Inc.) for targeted quantitative analysis by liquid chromatography multiple reaction moni-

toring mass spectrometry (LC/MRM-MS), the Seer Proteograph™ platform allowed for the enrichment

and absolute quantitation of up to an additional 62 targets (median) compared to two standard proteomic

workflows without enrichment, representing an increase of 44%. The nanoparticle-based fractionation

workflow resulted in improved reproducibility compared to a traditional proteomic workflow with no frac-

tionation (median 8.3% vs. 13.1% CV). As expected, the protein concentrations in nanoparticle coronas

were higher and had more compressed dynamic range in comparison to the concentrations determined

either by a 3-hour Trypsin/LysC or overnight tryptic digestion methods. As the nanoparticle-based frac-

tionation technology gains popularity, additional steps such as establishing technique-specific protein

reference ranges across plasma samples and comparisons to well-established protein quantitation

methods like enzyme-linked immunosorbent assay (ELISA) and LC/MRM-MS may be explored to enable

absolute quantification of plasma proteins based on nanoparticle-based fractionation data.

Introduction

Quantitation of plasma proteins by liquid chromatography
multiple reaction monitoring mass spectrometry (LC/
MRM-MS) based on proteotypic peptides as protein surrogates
is a popular approach for preclinical and clinical

researchers.1–5 This is due to its high multiplexity, specificity,
precision, and dynamic range, as well as its sensitivity in the
low ng mL−1 range and its absolute quantitation capability
when using synthetic stable isotope-labelled standard (SIS)
peptides as internal standards.6 Although plasma is the most
readily used biofluid for diagnostics in proteomics,2,7 many
protein targets are routinely below the lower limit of quanti-
tation by LC/MRM-MS and even undetectable due to the
natural complexity and wide dynamic range of protein concen-
trations in plasma.8,9

The Seer Proteograph™ nanoparticle-based platform (NP-
based platform) has been used primarily for untargeted
shotgun proteomics experiments sampling at the intact and
native protein level (proteoforms) across the dynamic range of
the plasma proteome measuring the relative abundance of pro-
teins between different plasma samples by LC tandem mass
spectrometry (MS/MS).10,11 Compared to conventional in-solu-
tion digestion protocols, the NP-based platform assay separ-
ates plasma proteins into different fractions using distinct
types of functionalized nanoparticles (NPs)12 that form specific
protein coronas – at NP surfaces driven by specific nano-bio
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interactions. At the time the study presented in this publi-
cation was performed, the NP-based platform made use of 5
NPs (NP1 to NP5), whereas the most recent iteration requires
only two NP suspensions per sample.12 This fractionation
reduces the wide dynamic range of plasma,13 resulting in
deeper proteomic coverage of plasma proteins.

For this study, we focused on determining the reproducibil-
ity of protein quantitation from the NP-based platform multi-
nanoparticle-processed samples using a validated MRM panel
for absolute quantitation of 270 human plasma proteins (from
MRM Proteomics, Inc.). The NP-based platform approach was
compared with two standard approaches involving no protein
fractionation, to determine whether the NP-based platform led
to improved sensitivity and precision for absolute plasma
protein quantitation compared to traditional methods (Fig. 1).

Experimental
Materials

Reagents and labware. Phosphate buffered saline (PBS)
tablets, Trizma pre-set crystals (pH 8.0), urea, dithiothreitol
(DTT), and iodoacetamide (IAA) were purchased from Sigma
Aldrich. Deep-well plates (1.1 mL) from AXYGEN were used for
digestion. Protein LoBind tubes and LoBind 96-well PCR
plates were purchased from Eppendorf. Oasis HLB µElution
plates (2 mg sorbent per well, 30 µm particle size, Waters) were
used for sample cleanup. Ultrapure water was generated with a
Milli-Q Direct 8 water purification system. Formic acid (FA),
methanol (MeOH) and acetonitrile (ACN), all LC-MS grade,
were purchased from Fisher Scientific. Eppendorf protein
LoBind tubes were used for preparing dilutions of the light
(natural abundance, NAT) and stable isotope-labelled standard
(SIS) peptide mixtures, which had been synthesized in-house.

Peptide mixtures. The NAT and SIS peptide mixtures used
were from MRM Proteomics’ PeptiQuant™ 270-protein human

plasma MRM assay kits. The NAT peptide mixture was used for
standard curve generation, and the SIS peptide mixture as the
normalizer. The synthetic tryptic peptides contained in the
two mixtures act as molecular surrogates for 270 human pro-
teins and cover six orders of magnitude in protein concen-
tration.6 The peptides had been selected as described pre-
viously6 and their purity and amount were determined by
capillary zone electrophoresis (CZE) and amino acid analysis
(AAA).14 The detectability for each peptide when spiked into
human plasma had previously been established, and the
ionization conditions had been optimized empirically.
Additionally, the peptide assays had been validated following
the Clinical Proteomic Tumor Analysis Consortium (CPTAC)
guidelines for assay development15 which are available on the
CPTAC Assay portal.16 Thus, the limit of detection (LOD) and
linear range (lower limit of quantitation, LLOQ; upper limit of
quantitation, ULOQ) had been previously established, along
with interference screening for each peptide. The concen-
trations of the light peptide mixtures were balanced to the
LLOQs that had been established for each peptide.

Human plasma digestion. A commercially available human
plasma sample PC5 (prepared by pooling four plasma pools
purchased from ProMedDx, LLC) was stored at −80 °C before
being processed in one of three ways: (1) NP-based automated
sample enrichment/fractionation and digestion, for 16 repli-
cates performed on the Proteograph SP100 Automation
Instrument, (2) overnight (ON) digestion of neat plasma with
trypsin-only done in triplicate at MRM Proteomics, (3) a 3-hour
Trypsin/LysC digestion of neat plasma done once at Seer Inc.

Note that the term “neat” as used throughout this manu-
script refers to plasma digests that did not undergo any
NP-based fractionation (i.e., plasma digestion approaches 2
and 3).

Approach 1: enrichment and digestion on a NP-based platform.
Sixteen 250 µL aliquots of PC5 plasma were transferred to
sample tubes for processing with the Proteograph Assay kit

Fig. 1 Study workflow. Human plasma was treated in three ways: (1) separated into five nanoparticle-derived fractions using the NP-based platform
and then digested with Trypsin/LysC, (2) digested as neat plasma using an overnight (ON) trypsin-only digestion protocol, and (3) digested as neat
plasma using a 3-hour Trypsin/LysC protocol. All resulting sample digests were spiked with a mix of 274 stable isotope-labelled internal standard
(SIS) peptides acting as surrogates for 270 human plasma proteins, followed by LC/MRM-MS analysis.
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(S55R1100). Tubes were loaded onto the SP100 Automation
Instrument for sample preparation to generate purified pep-
tides for LC-MS analysis. Briefly, plasma was incubated with
proprietary, physicochemically distinct nanoparticles for
protein corona formation. After incubation, nanoparticles
along with bound proteins were isolated using a magnet. A
series of washes followed by reduction, alkylation, protein
digestion with Trypsin/LysC, and peptide purification were per-
formed prior to peptide elution with 142 µL of high-organic
elution buffer.17,18 The purified peptide mix concentrations
were determined using the Pierce Quantitative Fluorometric
Peptide Assay (Thermo Fisher Scientific, catalog # 23290), a
modified bicinchoninic acid (BCA) assay. Peptides were puri-
fied using solid phase extraction and the positive pressure
(MPE2) system on the SP100 Automation Instrument. Peptides
were dried down overnight with a vacuum concentrator. Dried
peptides consisting of approximately 1–2 µg mixed peptide per
fraction were stored at −80 °C until further processing. Of the
16 process replicates, five were randomly selected for further
processing.

Approach 2: overnight digestion of neat plasma with trypsin
only. Three 10 µL aliquots of PC5 neat plasma were digested as
described previously.6 Briefly, 10 µL of plasma was denatured
and reduced with final concentrations of 6 M urea, 13 mM
DTT and 200 mM TrisHCl (pH 8.0) at 37 °C for 30 minutes.
Next, proteins were alkylated with 40 mM iodoacetamide (IAA)
in the dark at room temperature for 30 minutes. The samples
were diluted with 100 mM TrisHCl (pH 8.0) to <1 M urea, fol-
lowed by overnight tryptic digestion at 37 °C using L-1-tosyla-
mido-2-phenylethyl chloromethyl ketone (TPCK)-treated
trypsin (Worthington) at a protein to enzyme ratio of 20 : 1
(w/w). The digestion reaction was quenched by adding FA to
produce a final concentration of 1%.

Approach 3: 3-hour trypsin/LysC digestion of neat plasma. An
aliquot of PC5 neat plasma was denatured, reduced, alkylated,
and subjected to proteolytic Trypsin/LysC digestion for 3 hours
at 37 °C using the NP-based platform, but omitting the nano-
particle reagent.17,18 The resulting peptides were purified by
solid phase extraction and yields were determined (Thermo
Fisher Scientific catalog # 23290). A 2 µg mass aliquot was
used for further processing (see below).

Reference standard and quality-control (QC) sample prepa-
ration. A digested surrogate matrix (10 mg mL−1 bovine serum
albumin (BSA) in PBS) was used to prepare calibration-curve
standards and quality control (QC) samples. A lyophilized NAT
peptide mixture standard stock was reconstituted in 60 µL of
30% ACN/0.1% FA to a final concentration of 400× LLOQ per
µL. The NAT stock was serially diluted with 30% ACN/0.1% FA
to 0.1×, 0.25×, 0.5×, 2×, 4×, 16×, 40×, and 100× LLOQ per µL to
prepare eight calibration standard levels. The 400× LLOQ per
µL NAT peptide stock was diluted to the final concentrations
of 0.4×, 3×, and 30× LLOQ per µL for QC samples A, B, and C,
respectively. Three replicates of each QC concentration were
prepared and analyzed along with the plasma digest samples.

SIS addition and solid-phase extraction. The SIS–peptide
mixture was rehydrated in 450 µL of 30% ACN/0.1% FA to a

final concentration of 40× LLOQ per µL and spiked into the
plasma digest samples and BSA digests as internal standards
at a concentration of 10× LLOQ per µg digest.

The final eight-point calibration curves and three QC
samples were prepared by combining the SIS peptide-spiked
digested surrogate matrix (BSA) mixtures with level-specific
amounts of the light peptide mixture corresponding to each
calibration-curve standard and QC level.

All plasma samples (NP-based-fractionated or not), cali-
bration-curve standards, and QC samples were desalted by
solid phase extraction (SPE) using a Waters Oasis HLB
µElution plate and dried using a Speed Vacuum concentrator
as previously described, in accordance with the manufacturer’s
instructions.6 Briefly, the wells of the µElution plate were con-
ditioned with MeOH, equilibrated with 0.1% FA/dH2O, then
washed with water following sample loading, and bound pep-
tides eluted with 50% acidic ACN.

LC separation and MS analysis. The dried plasma digests,
calibration curve standards, and QC samples were solubilized
with aqueous 0.1% FA and injected for LC/MRM-MS analysis
on an Agilent 1290 Infinity UPLC system interfaced to an
Agilent triple quadrupole mass spectrometer 6495C. Column
loading amounts were 10 µg for the overnight trypsin-only
digests of neat plasma, 2 µg for the 3-hour Trypsin/LysC digest
of neat plasma, and 2 µg (estimated) for each of the digests
prepared via the NP-based platform.

The LC mobile phases were 0.1% FA in LC-MS grade water
(A) and 0.1% FA in LC-MS grade ACN (B). Plasma digest
samples, calibration-curve standards and QC samples were
injected onto a Zorbax Eclipse Plus RP-UHPLC column (2.1 ×
150 mm, 1.8 µm particle diameter; Agilent) maintained at
50 °C. Peptide separation was achieved at a flow rate of 0.4 mL
min−1 over a 52.6 min run with a multi-step LC gradient. The
gradient started at 2% B, increased to 7% at 2 min, then to
30% at 50 min, 80% at 50.1 min, and was held at 80% until
52.5 min, and was then reset back to 2% at 52.6 min. The
column was re-equilibrated by a 4 min post-gradient run.

The Agilent 6495C triple quadrupole instrument was oper-
ated in the positive ion mode with capillary voltage and nozzle
voltages at 3.5 kV and 300 V, respectively. The sheath gas temp-
erature was 250 °C with the flow set to 11 L min−1, and the
drying gas flow to 15 L min−1 at a temperature of 150 °C, with
the nebulizer gas pressure at 30 psi. The collision cell accelera-
tor voltage was 5 V, the high energy dynode (HED) multiplier
was set to −20 kV, and unit mass resolution was used in the
first and third quadrupole mass analyzers. For this study, each
calibration curve was made with a single tryptic peptide per
protein, and that same peptide was used to quantify the
protein in each plasma sample. A single transition per peptide
target was monitored over 700 ms cycles and detection
windows between 90 and 120 s were used for the quantitative
analysis.

Data analysis. Visual examination of the LC/MRM-MS data
obtained was performed using Skyline Quantitative Analysis
software (version 22.2.0.351, University of Washington).19 The
chromatographic peaks for the NAT and SIS peptides in the

Analyst Paper

This journal is © The Royal Society of Chemistry 2025 Analyst, 2025, 150, 353–361 | 355

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
D

ec
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

2/
15

/2
02

5 
2:

36
:5

7 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4an00967c


plasma samples, calibration curves, and QC samples were
assessed manually for peak shape and accurate integration.
Calibration curves were generated using 1/x2-weighted linear
regression and were used to calculate the final protein concen-
trations in the samples as fmol per µL of plasma. Note that for
the digests prepared on the NP-based platform, 2 µg of digest
(based on BCA quantitation), is equal to 28.6 nL of plasma,
assuming an initial plasma protein concentration of 70 mg
mL−1. Additional data analysis and visualization were per-
formed using Microsoft Excel and the R package UpSetR20 (v
1.4.0) with RStudio21 (v 2023.06.1 Build 524) employing R (v
3.4.3). The violin plot in Fig. 5A was generated with Statistics
Kingdom’s Violin Plot Maker.22

Standard and QC sample acceptance criteria. For the cali-
bration curve standards and QC samples to pass the accep-
tance criteria, the quantitative results were required to fall
within ±20% of their theoretical concentrations, otherwise
they were rejected. All calibration curves were required to
contain at least 5 points with concentration accuracies within
±20%. A minimum of 90% of all individual calibration-curve
standards and 66% of all QC samples were required to pass
these criteria for the experiment to be considered successful.

NP-based platform and neat plasma concentration value
acceptance criteria (average, median, CV). The concentration
values for each peptide were obtained for five PC5 plasma
replicates processed with the NP-based platform which utilizes
a 5-nanoparticle panel (NP1 to NP5) for each plasma proces-
sing replicate, resulting in a total of 25 samples (5 processing
replicates × 5 NPs). For each peptide target, the average and
median concentration values, as well as coefficients of vari-
ation (CVs), were calculated for each nanoparticle type only
when three or more NP replicates had concentration values
above the LLOQ. Similarly, peptide concentration averages,
median values, and CVs were calculated for the overnight,
trypsin-only digest of neat plasma only when three of three
replicates showed quantifiable concentrations.

Results and discussion
NP-based-platform fractionation increases the number of
quantifiable targets by up to 44%

The three neat-plasma replicates that were digested overnight
with trypsin resulted in 142–151 of the 274 targets (median =
142) being quantifiable (i.e., the endogenous concentrations
were within the linear region of each peptide’s standard curve)
(Fig. 2). The single neat-plasma aliquot that was digested with
a 3-hour Trypsin/LysC digestion resulted in 164 quantifiable
peptides. These results covered a concentration range of
approximately 0.6 fmol µL−1 to 200 pmol µL−1 and are compar-
able to data published previously.6

The number of quantifiable peptides per individual nano-
particle fraction ranged between 132 and 216 (median = 164)
while – across the panel of five-nanoparticles – it ranged from
197 to 241 (median = 204). This represents a median increase
of 44% compared to the analysis of neat-plasma digests gener-

ated by overnight tryptic digestion, and an increase of 24%
compared to the analysis of the neat-plasma digest generated
by the 3-hour Trypsin/LysC digestion. The increased coverage
of quantifiable peptides (164) with the 3-hour Trypsin/LysC
digestion can be explained by the addition of LysC to this
version of the digestion protocol, rather than trypsin alone,
which yielded 142 peptides, despite the longer incubation
time (overnight). Indeed, it has been shown that the addition
of LysC to trypsin essentially generates an “improved” trypsin
and enhances the number of identified peptides and
proteins.23

It is important to note, however, that analyzing the 5-NP
panel requires 5 times as much instrument time as it takes to
analyze a single non-fractionated neat-plasma digest sample.
However, with continuously improving MS instrumentation
and increasingly shorter dwell times (which lead to shorter
gradients), we believe that coupling the NP-based platform
5-NP approach with targeted LC/MRM-MS is feasible.
Moreover, recently a new panel of 2 NP suspensions (instead of
5) has been released and shows similar or slightly increased ID
performance.12 Alternatively, for routine targeted workflows a
single optimal NP fraction can be selected for each peptide
and targeted LC/MRM-MS can be performed on a reduced set
of NP injections rather than 5 injections per sample.

A summary of the quantifiable peptides in each workflow
can be found in ESI Table 1.†

Concentration distribution amongst the five nanoparticle types

The NP-based platform assay used for this study utilizes a
panel of five distinct nanoparticles (the 5-NP panel). Each type
of functionalized nanoparticle exhibits unique physico-
chemical properties, driving protein corona formation and
compression of dynamic range of protein concentrations. It is
possible, however, that the same protein could be present in
the protein corona of multiple NPs, but its absolute concen-

Fig. 2 Number of quantifiable peptides (i.e., within the linear range of
the assay) for overnight trypsin-based neat-plasma digest, a 3-hour
Trypsin/LysC neat-plasma digest, and fractionated and digested plasma
prepared on a NP-based platform, both at the individual NP and 5-NP
panel levels. ON = overnight; NP = nanoparticle.
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trations might differ due to the distinct patterns of enrichment
by each NP.

For the 274 peptide targets, we determined the average con-
centrations whenever at least 3 of 5 replicates of the same NP
type (e.g., NP1, NP2, NP3, NP4 or NP5) were within a peptide’s
linear range. Fig. 3A shows the distribution of the peptides for
which average concentrations were determined according to
the NP type. A total of 151 (55%) peptides were quantifiable on
all five NP types, and 93 peptides (34%) on either one, two,
three, or four NP types. Thirty peptides (11%) were not quanti-
fied on any of the five NP types.

To further investigate the specificities of the different types
of nanoparticles, for each peptide quantified by at least two
nanoparticle types, we have taken the pair of NPs with the
highest and the lowest concentration of this peptide and calcu-
lated the corresponding fold-change (Fig. 3B). Of the 219 such
peptides, 56 (25.6%) showed fold-changes between 1× and 2×,
91 peptides (41.6%) showed fold-changes of 2–10×, and the
remainder (72 peptides, 32.9%) showed fold-changes of >10×.
The maximum fold-change observed was 2803-fold for the pro-
thrombin-derived peptide, ELLESYIDGR.

Overall, these data suggest that, while there is overlap
amongst the five NPs to enrich for the same proteins, most of
the targets exhibit a large concentration difference when
enriched by the different NP types, which may allow screening
for an optimal NP to achieve maximum sensitivity and thereby
precision for each individual protein target.

Precision of NP-based platform digestion vs. neat-plasma
digest (Tryp, ON)

We assessed the precision of the concentrations determined
with the NP-based platform (5 nanoparticle types, each with n

= 5 replicates) and the approach using overnight trypsin-only
digestion of neat plasma (n = 3 replicates).

Because of the significant differences in average peptide
concentrations, depending on which nanoparticle type was
used for the NP-based enrichment, we also established criteria
to select a single nanoparticle type (i.e., the “best NP”) per
peptide for establishing the average peptide concentration to
use for comparing the CV performances of the two workflows.
The selection criteria to define the “best NP” were three-fold:
(1) ≥3 out of 5 replicate measurements per NP above the LLOQ
to allow calculation of an average concentration, (2) the
average concentration needed to be the largest among the
different nanoparticle types, and (3) the corresponding CV
needed to be less than 20%. Note that peptide CVs calculated
for the neat-plasma trypsin-only digests required that 3 of 3
replicates had to be above the LLOQ. The CVs were calculated
by dividing the standard deviations by the corresponding
average protein concentrations. To ensure statistically justified
CVs, at least 3 replicates with quantified protein concen-
trations were required for each calculation.

The CV distributions for the Trypsin/LysC approach using
the NP-based platform and the overnight neat plasma diges-
tion using trypsin are shown in Fig. 4A and B, respectively. The
NP-based approach resulted in a median CV of 8.3%, while the
neat-plasma digestion resulted in a median CV of 13.1%.
While the neat plasma digest approach resulted in 137 pep-
tides quantified across three replicates (Fig. 4B), the “best NP”
from the NP-based platform approach allowed quantitation of
199 peptides in at least 3 of 5 replicates (Fig. 4A), suggesting
that an additional 62 peptides could be quantified, equivalent
to a 45% increase.

Moreover, most of the CV values calculated for the NP-
based platform approach (∼60%) were ≤10%, and between

Fig. 3 NP-based platform protein fractionation specificities. (A) UpSet plot highlighting the overlap of peptides/proteins quantified on the 5
different nanoparticle types. (B) NP-based platform peptide concentration variation between the nanoparticles (n = 219). Calculated as the fold-
change (conc_max/conc_min), where conc_max and conc_min are the average peptide concentrations on the NPs with the highest and the lowest
concentrations of a given peptide, respectively.
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10–20% (∼70% of CV values) for the neat-plasma digestion
approach (Fig. 4C).

Notably, three peptides had CVs of >60% when using the
NP-based platform approach, and four peptides had CVs of
≥39% with the neat plasma digest approach. None of these
high-CV peptides overlapped between the two approaches. The
high CVs could be attributed to one of two factors: (1) slight
interferences in the light signals when using the neat
approach for peptides EATLELLGR and VSQYIEWLQK, repre-
senting Tumor necrosis factor receptor superfamily member
1A and Coagulation factor VII, which were overcome by using
the NP-based platform approach, and (2) extremely low signals
for either light signal alone, or for both light and heavy
signals, either consistently across the various injections, or for
only some of the injections.

The data indicate that the NP-based fractionation approach,
using the best NP (based on ≥3 concentration values above
LLOQ, highest average concentration amongst NPs, and a CV
of <20%), is highly reproducible, and showed better CVs than
the standard, neat-plasma digestion.

Distribution and correlation of neat-plasma digests with
concentrations determined by the NP-based platform

We then compared the protein concentrations determined
from the neat plasma digests and the NP-based platform work-
flow. Note that for the 3-hour Trypsin/LysC neat-plasma digest
only a single replicate was available. For the overnight neat-
plasma digest using trypsin only, the concentration values
used were the average concentrations when all three replicates
had peptide quantities within the linear range of the assay. For
the NP-based platform data, average concentrations were calcu-
lated for the “best NP” (see criteria for “best NP” above).

We compared the protein concentrations of the proteins
quantified across all three approaches (n = 107). As expected,
the highest determined concentration for both the neat
Trypsin/LysC and the neat trypsin-only plasma digests was
serum albumin, shown in Fig. 5A, the most abundant protein
in human plasma.24 The dynamic range compression of the

NP-based platform workflow, however, was observed as a shift
toward higher protein concentrations compared to the neat-
plasma digestion workflows, as evidenced by the significantly
elevated 1st quartile, median and 3rd quartile concentrations
shown in Table 1, and which is also visualized in Fig. 5A.

The neat-plasma digests showed excellent correlation with
an R2 of 0.97 (Fig. 5B). The slope of 1.86 suggests systemati-
cally higher concentrations were determined using the neat-
plasma digestion done with Trypsin/LysC. This can be
explained by the fact that the plasma peptide amounts used
for this digest were determined by BCA assay, while the
plasma digest prepared for the trypsin-only digest assumed an
original 70 µg µL−1 plasma protein concentration and a final
peptide concentration of 1 µg µL−1 after digestion. Thus, the
1.86 slope could result from a combination of inherent
measurement errors from the BCA assay, and/or deviations of
the actual plasma concentration from the expected 70 µg µL−1.
Moreover, minor non-systematic variations between the neat-
plasma digestion results done by two separate, different lab-
oratory sites can be explained by differences in the two diges-
tion protocols, which use different enzyme combinations
(trypsin by MRM Proteomics, Trypsin/LysC by Seer Inc.) and
digestion lengths (overnight vs. 3 hours, respectively). As has
been shown in previous publications, variations in digestion
conditions such as duration can result in differences in the
protein amount quantified.25

Comparing the average protein concentrations determined
from the NP-based platform fractionated plasma digests with
the trypsin-only (Fig. 5C) and Trypsin/LysC non-fractionated
neat-plasma digests (Fig. 5D) resulted in negligible R2 values,
suggesting no correlation between the NP-based-derived and
neat-plasma digests. This is expected, since the NP-based plat-
form approach enriches at the protein level and the compo-
sition of the protein corona differs depending on the physico-
chemical properties of the five nanoparticle types, as was evi-
denced by the distribution of calculated protein concentration
from the different nanoparticle types (Fig. 3B). This enrich-
ment enables accurate measurement of relative abundances

Fig. 4 Distribution of CVs of the process replicates for (A) NP-based-fractionated plasma digests for best NP (based on ≥3 concentration values
above LLOQ, highest average concentration amongst NPs, and CV <20%), and (B) overnight, trypsin-based neat plasma digests. (C) Histogram of CV
ranges.
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for a wider set of proteins.26 In other words, while the NP-
based-platform protein concentrations determined by MRM
were normalized as fmol per amount of digest, the NP-based
platform digests were composed of protein concentrations that
differed from neat plasma due to the enrichment step.

Despite non-correlating protein concentrations between
neat-plasma digests and NP-based-fractionated plasma digests,
the concentrations that were determined from the NP-based
platform approach are highly precise. As demonstrated, the
combination of NP-based plasma processing, followed by LC/
MRM-MS using internal standard peptides for protein quanti-

Fig. 5 Protein concentration comparison between neat plasma digests and NP-based platform approach. (A) Concentration distribution for the 107
proteins quantified across all three approaches. (B) 3-hour Trypsin/LysC digestion of neat plasma vs. overnight trypsin-only digestion of neat plasma.
(C) NP-based platform digestion vs. neat-plasma overnight tryptic digestion. (D) NP-based platform digestion vs. the 3-hour Trypsin/LysC digestion
of neat plasma. The dashed lines in panels B–D indicate the lines of identity.

Table 1 Protein concentration distribution of peptides quantified with
all three approaches: neat plasma digest done with trypsin only, neat
plasma digest done with Trypsin/LysC, and the NP-based platform (n =
107). Unit in fmol µL−1 plasma

Neat trypsin Neat trypsin/LysC NP-based platform

Min 1.37 1.45 4.33
1st quartile 38.8 55.6 218.3
Median 170.2 355.0 2599
3rd quartile 844.8 1338 20 071
Max 217 940 408 440 446 326
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tation would represent an important tool for obtaining concen-
tration values for plasma protein targets that are commonly
below their respective LLOQs by conventional, neat-plasma in-
solution digestion followed by MRM analysis. As a next step, to
address the protein concentration differences between the NP-
based platform and neat plasma LC/MRM-MS approaches and
related, potential accuracy concerns, NP-based-specific protein
reference ranges should be determined using plasma samples
with known concentrations, established with protein quanti-
tation techniques such as ELISA or fractionation-free LC/
MRM-MS.

Conclusion

In this study, we coupled the fractionation done on the
Proteograph NP-based platform with absolute protein quanti-
tation by MRM using stable isotope-labelled standard (SIS)
peptides to establish whether the NP-based platform method
provided improvements in sensitivity and precision over
conventional plasma protein quantitation for a panel of
270 human plasma proteins.

The results showed a significant increase in the number of
proteins quantified when using the NP-based separation
approach (up to 44% more proteins), and increased precision
(8.3% vs. 13.1% CV).

By absolute quantification of proteins using both standard
and NP-based platform LC/MRM-MS workflows, this study
potentially enables inferring absolute plasma protein concen-
trations from the NP-based platform data. Looking ahead, next
steps to validate this technique would be to establish NP-based
LC/MRM-MS workflow-specific protein reference ranges, as
well as determining protein concentrations for a larger sample
cohort and comparing them to established protein quanti-
tation methodologies such as ELISA or fractionation-free LC/
MRM-MS.
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