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ABSTRACT: Large-scale bottom-up proteomics of few even
single cells is crucial for a better understanding of the roles played
by cell-to-cell heterogeneity in disease and development. Novel
proteomic methodologies with extremely high sensitivity are
required for few even single-cell proteomics. Sample processing
with high recovery and no contaminants is one key step. Here we
developed a nanoparticle-aided nanoreactor for nanoproteomics
(Nano3) technique for processing low-nanograms of mammalian
cell proteins for proteome profiling. The Nano3 technique
employed nanoparticles packed in a capillary channel to form a
nanoreactor (≤30 nL) for concentrating, cleaning, and digesting
proteins originally in a lysis buffer containing sodium dodecyl
sulfate (SDS), followed by nanoRPLC-MS/MS analysis. The
Nano3 method identified a 40-times higher number of proteins based on MS/MS from 2-ng mouse brain protein samples compared
to the SP3 (single-pot solid-phase-enhanced sample preparation) method, which performed the sample processing using the
nanoparticles in a 10 μL solution in an Eppendorf tube. The data indicates a drastically higher sample recovery of the Nano3
compared to the SP3 method for processing mass-limited proteome samples. In this pilot study, the Nano3 method was further
applied in processing 10−1000 HeLa cells for bottom-up proteomics, producing 441 ± 263 (n = 4) (MS/MS) and 983 ± 292 (n =
4) [match between runs (MBR)+MS/MS] protein identifications from only 10 HeLa cells using a Q-Exactive HF mass
spectrometer. The preliminary results render the Nano3 method a useful approach for processing few mammalian cells for proteome
profiling.

The advances in separation techniques and mass
spectrometers have enabled comprehensive proteome

profiling using bottom-up proteomics, and the identification of
over 10 000 gene products from human cells was reported by
multiple laboratories.1−5 To reach the “dark corner” of the
human proteome, that is, proteins with low copy numbers per
cell, it usually requires hundreds of micrograms to milligrams
of material and extensive fractionation.6 It was reported that,
with a charge state of 5−10, single ion detection was possible
using orbitrap instrumentation.7 The state-of-the-art MS
platforms have achieved zmol level limit of detections for
peptides in complex samples.8−14 If a single mammalian cell
contains 12 000−15 000 gene products with a dynamic range
spanning from one copy per cell to millions of copies per cell,
more than 4000 gene products could be identified from a
single mammalian cell if protein recoveries from sample
preparation and separation are 100%.9,15 However, only few
laboratories reported the identification of hundreds to more
than 1000 proteins from a single mammalian cell.14,16,17 The
challenge of proteomic analysis of single cells or few cells lies
significantly in the sample preparation step. A mammalian
somatic cell is only 10−20 μm in size and contains only
hundreds of picogram of proteins in mass.9,18 A full recovery of
the protein material at such trace amounts is extremely

challenging with traditional sample processing techniques due
to significant sample loss caused by adsorption of proteins/
peptides on surfaces, such as processing containers and pipet
tips. Researchers have been making great efforts in exploring
novel sample processing techniques that are suitable for mass-
limited proteome samples (e.g., single or small numbers of
cells).14,16,19−25

The basic idea of the new sample preparation methods for
mass-limited samples is to decrease sample processing volume
and eliminate sample transfer. The NanoPOTS (nanodroplet
processing in one pot for trace samples) method developed by
Zhu et al. is a nice example.14 The method performed all the
bottom-up sample preparation steps in a nanowell with a total
volume of only 200 nL. It has achieved nearly 400 to over 1000
protein identifications (IDs) from a single HeLa cell,
corresponding to 1000−4000 peptide IDs based on MS/
MS.16,26 Due to an extremely small volume of sample handling,
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NanoPOTs required careful operations in a humid chamber.
MicroFASP is another example developed by Zhang et al.,25

and it is a modified version of the FASP (filter-aided sample
preparation) method.27 For the microFASP, a miniature filter
membrane of 0.1 mm2 was installed into a 20 μL pipet tip for
sample processing, drastically reducing sample loss during
sample preparation. The sample processing volume was
maintained at a low microliter level. Over 1800 proteins and
13 000 peptides were identified based on MS/MS when a
sample containing 100 MCF-7 cells was processed by the
microFASP. More importantly, microFASP does not require
special instrumentation.
The SP3 (single-pot solid-phase-enhanced sample prepara-

tion) is also one of sample processing approaches suitable for
mass-limited samples.22,23 All sample preparation steps were
performed in a single Eppendorf tube. Under high organic
content (>70% acetonitrile (ACN)), proteins were effectively
captured on paramagnetic beads through hydrophilic inter-
action while salts and detergents were effectively removed.
After that, proteins on beads were digested by trypsin, followed
by MS analysis. The SP3 outperformed FASP in terms of
proteome coverage when low μg of protein materials were
processed, and high quantitative reproducibility was also
documented for the SP3 method.28 Over 15 000 unique
peptides and nearly 3000 proteins were identified based on
MS/MS when a sample containing only 1000 HeLa cells was
processed by SP3.22 Recently, an automated SP3 (auto-SP3)
method was developed for high-throughput processing of
mass-limited samples for bottom-up proteomics.29 However,
SP3 is mainly operated in Eppendorf tubes and requires a
microliter-level solution for sample processing, limiting its
performance for processing low nanograms of complex
proteome samples.
Unlike NanoPOTs, microFASP, and SP3, where samples

were processed in an open environment, some microreactors
with small volumes in fused silica capillaries have been
developed to process proteins in a closed environment and are
potential alternatives for trace material processing.30−32 The
microreactors in fused silica capillaries can be easily sealed and
provide a closed environment for all sample preparation steps.
Inspired by the microreactors and the SP3 method, in this

work, we present a new sample processing technique,
nanoparticle-aided nanoreactor for nanoproteomics (Nano3),
for bottom-up proteomics of mass-limited samples. The Nano3
method employs the same nanoparticles and principle as the
SP3 method but carries out the sample processing in a
nanoreactor with a total volume of 30 nL or smaller.
Paramagnetic beads were packed into a fused silica capillary
to form a nanoreactor for capturing proteins from cells lysed by
a lysis buffer containing sodium dodecyl sulfate (SDS) and
ACN. After flushing the nanoreactor with ACN to remove
SDS, proteins captured on nanoparticles were digested into
peptides by a plug of trypsin solution, followed by peptide
collection from the nanoreactor via flushing the reactor with a
buffer containing 2% (v/v) ACN and 0.1% (v/v) formic acid
and nanoRPLC-MS/MS analysis. We compared the perform-
ance of Nano3 and SP3 for processing 50, 10, and 2 ng of
mouse brain proteome samples. Nano3 outperformed SP3
regarding the number of protein IDs and intensity, indicating
better overall sample recovery. We further validated the Nano3
method for processing 1000, 100, and 10 HeLa cells,
corresponding to 100, 10, and 1 ng proteins in mass with
the assumption of 100 pg proteins per HeLa cell.

■ EXPERIMENTAL SECTION

Details of materials and reagents are listed in Supporting
Information (SI) I. All the capillaries involved in Nano3 and
protein transfer were pretreated with BSA (2 mg/mL) solution
to reduce sample loss due to adsorption based on our recent
study.33 Briefly, 2 mg/mL BSA solution was injected into the
capillary and stored in the capillary for 10 min at room
temperature. The BSA solution was then flushed out with
water. Flushing continued for 30 min. The capillary was then
flushed with methanol and air-dried before use.

Fabrication of the Nanoreactor for the Nano3. A
capillary (200 μm i.d., 360 μm o.d., 10 cm long) was installed
with a polymer frit first for packing hydrophilic paramagnetic
beads. The polymer solution for frit was made according to the
manufactural protocol. Briefly, 15 μL of Kasil-1624 and 5 μL
Kasil-1 were mixed. After that, 5 μL of formamide was added
into the mixture and vortexed for a few seconds. Frit material
was then introduced into the capillary through capillary action.
Both ends of the capillary were sealed with rubber. The
capillary was then incubated in an 80 °C water bath overnight.
Prior to paramagnetic beads packing, the capillary was rinsed
with methanol. Both kinds of paramagnetic beads (hydrophilic
and hydrophobic) with about 60 nm in size (SI Figure S1)
were mixed with a 1:1 ratio, rinsed with water, and were
resuspended in 70% (v/v) ACN. The beads solution was
introduced into the capillary using a syringe and manual pump.
The length of the beads in the capillary was controlled to be
about 1 mm, corresponding to about 30 nL total volume. The
whole capillary was filled with 70% (v/v) ACN before use. The
total volume of the capillary containing the nanoreactor was
3−4 μL.

Mouse Brain Protein Preparation. Mouse brain proteins
were extracted in a lysis buffer containing 2% SDS, 100 mM
NH4HCO3 (pH 8.0), complete protease inhibitors, and
phosphatase inhibitors. After reduction and alkylation, 200-
μg proteins were used for validating the sensitivity of our LC-
MS platform and comparing the SP3 and Nano3 methods. The
detailed sample preparation procedure is described in
Supporting Information I.

HeLa Cell Preparation. The cells (originally from ATCC)
were cultured at 37 °C under 5% CO2 in Dulbecco’s Modified
Eagle’s Medium, supplemented with 10% fetal bovine serum,
1× glutamine, and 1000 units/mL penicillin/streptomycin (all
of reagents above from Thermo Fisher Scientific). After cell
culture, cells were harvested, and cell concentration was
measured using a hemocytometer. After careful PBS rinsing,
cells suspended in PBS were diluted into concentrations of
1000 cells/μL, 100 cells/μL, and 10 cells/μL using the PBS
buffer based on the hemocytometer result. To minimize cell
lysis in PBS, the entire process was performed within 20 min,
and diluted cell samples were immediately processed by the
Nano3 method.
Another batch of cultured HeLa cells (2 × 106 cells) was

lysed in 200-μL lysis buffer (2% SDS, 100 mM NH4HCO3, pH
8.0, complete protease inhibitor, and phosphatase inhibitor)
with ultrasonication for 10 min on ice and 95 °C for 5 min.
The lysate was centrifuged at 14 000g for 5 min. The
supernatant was collected and subjected to a BCA assay for
protein concentration measurement. The sample was also used
to validate the Nano3 method.

Mouse Brain Sample Processing Using the SP3 and
Nano3 Methods. For the SP3 method, 20 μL of each of the
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paramagnetic beads stock solution (50 μg/μL) was combined
and was rinsed with water for a few times. Twenty μL water
was then used to resuspend the paramagnetic beads. Reduced
and alkylated mouse brain proteins in 2% SDS lysis buffer was
diluted with 70% (v/v) ACN into 50 ng/μL, 10 ng/μL, and 2
ng/μL. One μL of protein solution from each dilution was
combined with 1 μL of beads solution. Then 5 μL of ACN was
added into the tube, so ACN concentration was higher than
70% (v/v) in the SP3 system. The mixture was incubated for
over 18 min for thorough protein binding. A magnet was
placed under the tube for 2 min to separate beads from the
solution. Supernatant was carefully removed with the magnet
on, and beads were rinsed with 10 μL of 70% ethanol two
times and 10 μL 100% ACN one time. Eight μL of 100 mM
NH4HCO3 (pH 8) was then added into the tube to resuspend
the beads. One μL of trypsin solution in 100 mM NH4HCO3
(pH 8) with different concentrations (10 ng/μL, 2.5 ng/μL,
and 1 ng/μL) was added to 50 ng, 10 ng, and 2 ng protein
samples, respectively, for protein digestion (37 °C, overnight).
After digestion, the supernatant (about 6 μL) was directly
deposited into a nanoLC insert tube for nanoRPLC-MS/MS
analysis. The experiment was performed twice at each sample
amount.
For the Nano3 method, the basic workflow for sample

processing is shown in Figure 1. A detailed workflow is shown
in SI Figure S2. Sample transfer was performed through an
empty capillary (100 μm i.d. × 12.5 cm length, 1 μL total
volume). For the mouse brain samples, the proteins were
loaded into the nanoreactor capillary not the intact cells.
Reduced and alkylated mouse brain protein solution in the 2%
SDS lysis buffer was diluted with 70% ACN into 50 ng/μL, 10
ng/μL, and 2 ng/μL. Each protein solution was pushed into
the 1 μL transfer capillary, and the protein solutions in the
transfer capillary containing 50 ng, 10 ng, and 2 ng proteins
were pushed onto the nanoreactor through a syringe filled with
70% ACN for the Nano3 sample processing. After protein
loading, beads were continuously rinsed with 70% ACN for an
additional 8 μL to remove the SDS. One μL of trypsin solution
(in 100 mM NH4HCO3) with the same concentration settings
as the SP3 method for different amounts of mouse brain
proteins was pushed into the nanoreactor through the transfer
capillary to cover the nanoreactor. Both ends of the

nanoreactor capillary were sealed with rubber, and the
nanoreactor was incubated in a 37 °C water bath overnight
for tryptic digestion. After digestion, the nanoreactor was
rinsed with 5−6 μL of a buffer containing 2% ACN and 0.1%
formic acid to elute the peptides into a nanoLC insert tube for
nanoRPLC-MS/MS analysis. The experiment was performed
twice at each sample amount.

Sample Processing of Few HeLa Cells With the
Nano3 Method. The HeLa cell processing with the Nano3
method was similar to the mouse brain protein processing with
some modifications, Figure 1. A detailed workflow is shown in
SI Figure S2. The nanoreactor capillary was first filled with a
buffer containing 2% SDS and 80% ACN. The syringe used for
cell loading onto the nanoreactor was also filled with the same
buffer. The cell solution was first transferred into the 1 μL
transfer capillary to control the number of cells for processing.
For the cell solutions with concentrations of 1000 cells/μL,
100 cells/μL, and 10 cells/μL, the number of cells in the
transfer capillary was approximately 1000 cells, 100 cells, and
10 cells. The transfer capillary was connected to the
nanoreactor capillary at one end and to the syringe filled
with a buffer containing 2% SDS and 80% ACN at the other
end. The 1 μL cell solution surrounded by the buffer
containing SDS and ACN was pushed into the nanoreactor
capillary. After that, both ends of the nanoreactor capillary was
sealed with a rubber and the capillary was sonicated for 10 min,
followed by incubation in a 95 °C water bath for 10 min for
cell lysis and protein denaturation. Then the protein solution
was pushed onto the nanoreactor for protein capturing, and
the nanoreactor was flushed with at least 10 μL 70% ACN to
remove SDS. The rest of the sample processing steps were the
same as the mouse brain protein processing. Trypsin amount
for digestion was 10 ng, 5 ng, and 2 ng for 1000 cells, 100 cells,
and 10 cells, respectively. The experiment was performed twice
for the 1000, 100, and 10 cells. We repeated the whole
experiment one more time (batch 2), starting from cell culture,
with duplicate preparation of 10, 100, and 1000 cell samples.
In total, four biological replicates were performed for the 10−
1000 cell samples. The sample insert tube for nanoRPLC-MS/
MS analysis was pretreated with the BSA solution as described
in our previous work.33

Figure 1. Schematic of the general workflow of sample processing with the Nano3 method.
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We also examined the number of HeLa cells in 1 μL of 10
cells/μL cell solutionundera microscope by depositing 1 μL of
the cell solution onto a glass slide. The cell count varied from 3
cells to 20 cells in 1 μL of the solution across six different
examinations with a median of 10 cells.
We also performed a blank experiment to confirm that the

protein IDs from HeLa cells were not from contaminates in the
cell culture medium. After cultured HeLa cells were washed
with PBS, they were suspended in the PBS buffer for further
analysis. After gentle centrifugation, the cells were pelleted, and
a small aliquot of the supernatant was collected for processing
with the Nano3 method. The steps for processing the blank
sample are the same as the 10−1000 cell samples.
Direct Sampling of Mass-Limited HeLa Cell Lysates in

the Eppendorf Tube for Processing with the Nano3
Method. A HeLa cell lysate was serially diluted to a
concentration of 1 ng/μL with a buffer containing 2% SDS
and 70% ACN. One μL of diluted protein solution containing
only 1 ng of protein in mass was deposited into a 0.6 mL low
retention Eppendorf tube for sample processing with the
Nano3 method. A capillary (200 μm i.d.) containing a 100-μm-
long nanoreactor was used. The capillary was first filled with
70% ACN. Because the capillary only contained a very small
amount of paramagnetic beads, the backpressure was low

enough for withdrawing the HeLa protein sample in the
Eppendorf tube directly using a syringe pump (KD Scientific,
Holliston, MA) operated in the withdraw mode, SI Figure S2.
The protein solution was continuously drawn into the
nanoreactor capillary until no solution was left in the tube.
The protein solution in the nanoreactor capillary was then
pushed through the nanoreactor for protein loading with a
buffer containing 70% ACN and was further processed using a
similar procedure to the mouse brain samples. One μL of 70%
ACN was added into the Eppendorf tube for protein rinsing
after the protein solution was completely drawn. The 1 μL of
rinsing solution was also loaded onto the nanoreactor for
sample processing. Triplicate sample preparations were
performed. For digestion, 2 ng of trypsin was used.

NanoRPLC-MS/MS and Data Analysis. A Q-Exactive HF
(Thermo Fisher Scientific) mass spectrometer was used. All
MS raw files were processed with MaxQuant 1.5.5.1.34 The
match between runs (MBR) function was used.35 The details
were described in SI Supporting Information I.

■ RESULTS AND DISCUSSION

Comparisons of the SP3 and Nano3 Methods for
Processing Low-Nanograms of a Complex Proteome
Sample. Before we compared the SP3 and Nano3 methods

Figure 2. Summary of the data of low-nanograms of mouse brain samples. (A) The number of protein IDs as a function of the loaded peptide
amount. The error bars represent the standard deviations of the number of protein IDs from triplicate LC-MS analyses. (B) The number of protein
IDs from 2 to 50 ng of mouse brain protein samples processed by the Nano3 and SP3 methods. The error bars represent the standard deviations of
the number of protein IDs from duplicate sample preparations. (C) Average protein intensity (MS/MS+MBR) from the 2−50 ng of mouse brain
protein samples processed by the Nano3 and SP3 methods. The error bars represent the standard deviations of the average protein intensity from
duplicate sample preparations. (D)−(F) Log−log plots of protein intensity (MS/MS+MBR) correlations between duplicate preparations of 2, 10,
and 50 ng of mouse brain protein samples using the Nano3 method.
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for mass-limited sample processing for bottom-up proteomics,
we first evaluated the sensitivity of our nanoRPLC-MS/MS
(Q-Exactive HF mass spectrometer) platform for the analysis
of trace amounts of a complex proteome digest. A 100 μg
aliquot of reduced and alkylated mouse brain protein sample
was digested with trypsin following the SP3 procedure.22,23

The digest was used for the system evaluation. A self-packed
nanoRPLC capillary column (75 μm i.d. × 50 cm long,
ReproSil-Pur, 120 Å, C18-AQ, 1.9 μm beads) was used for
peptide separation.
Different amounts of mouse brain peptides ranging from 0.2

ng to 50 ng were loaded onto the nanoRPLC-MS/MS system
for analysis in triplicate, and each LC-MS run used a 75 min
gradient. As shown in Figure 2A, by MS/MS only, fewer than
30 proteins were identified when only a 0.2-ng protein digest
was analyzed. That is about the amount of proteins from 1 to 2
single mammalian cells with a size of 10−20 μm.18 The
number of identified proteins increased to 627 when 2-ng of
peptides were loaded. The numbers of protein IDs from 10-ng
and 50-ng peptides were comparable (1313 vs. 1505). By
performing the database search of all the raw files from 0.2 to
50 ng peptides together with the MaxQuant software and
turning on the match between runs (MBR) function, the
number of protein IDs from 0.2-ng peptides was boosted to
190, which is over 6-folds higher than that from MS/MS only.
The number of protein IDs from the 2-ng peptide sample was
also improved by nearly 80% compared to the data of MS/MS
alone (1106 vs. 627). The data suggests that the MBR function
is extremely useful for mass-limited samples. Also, the
nanoRPLC-MS/MS system had nice reproducibility for
analysis of the 0.2−50-ng peptide samples regarding the
number of protein IDs from triplicate analyses.
After evaluating the sensitivity of our nanoRPLC-MS/MS

system, we compared the performance of the SP3 and Nano3
methods for processing 2−50 ng of mouse brain proteins,
Figure 2B. The Nano3 method clearly outperformed the SP3
method for processing 2−50-ng mouse brain proteins
regarding the number of protein IDs. For example, the
Nano3 method identified 40-times and 6-times higher number
of proteins based on MS/MS than the SP3 method starting
from 2-ng (206 vs. Five proteins) and 10-ng proteins (367 vs.
62), respectively. If we consider the protein IDs from both
MS/MS and MBR, the Nano3 method still produced about
260% and 170% more protein IDs than the SP3 method from
the 2-ng and 10-ng protein samples. For the 50-ng protein
sample, the Nano3 generated 40% more protein IDs than the
SP3 (963 vs. 679).
The drastically better overall performance of the Nano3

method compared to the SP3 method is most likely due to
much higher sample recovery from the Nano3 approach,
demonstrated by the substantially higher protein intensity
produced by the Nano3 method, Figure 2C and SI Figure S3.
The much better protein recovery is due to the substantially
smaller sample processing volume of the Nano3 approach,
leading to less sample loss because of adsorption to surfaces
and higher protein concentration for more efficient tryptic
digestion. The SP3 method is a good option for the
preparation of submicrograms of proteome samples. It requires
at least a 10-μL solution for processing samples to make sure
that the paramagnetic beads are freely suspended.23 In our
experiment, the sample processing volume using the SP3
method was about 10 μL. The protein concentration in the 10
μL solution was 0.2−5 ng/μL for the 2−50-ng protein

samples. For the Nano3 method, the proteins were digested in
the nanoreactor, which had a 30 nL volume. The protein
concentration in the nanoreactor was over 2 orders of
magnitude higher than that during the SP3 processing.
Minimized sample processing volume is a key point for the
preparation of mass-limited proteome samples for large-scale
proteome profiling.36

We need to highlight several advantages of the Nano3
method. First, like the SP3 method, the Nano3 method is
compatible with various detergents and chaotropic reagents
because proteins can be captured by the hydrophilic
nanoparticles with high efficiency under a high ACN
concentration environment, and detergents and chaotropic
reagents can be removed via flushing with ACN. Second, the
total volume of nanoreactor is only 30 nL in the experiment.
The extremely small volume not only reduces protein loss
during processing due to adsorption onto surfaces, but it also
affords a relatively high protein concentration for digestion,
ensuring high enzymatic digestion efficiency. We need to note
that the volume of the nanoreactor can be further reduced
easily via packing lower amounts of nanoparticles in the
capillary or using capillaries with a smaller inner diameter.
Third, the Nano3 technique employs a relatively closed
environment for sample processing, making the protein and
peptide storage easy before MS analysis.
The Nano3 method was quantitatively reproducible for

processing low ng of mouse brain proteome samples regarding
the intensity of quantified proteins from two replicates, Figures
2D-2F. For the 10-ng and 50-ng samples, the linear correlation
coefficients of protein intensity were 0.97 and 0.99,
respectively. For the 2-ng sample, a reasonable correlation
coefficient of 0.85 was still achieved.
We further examined the peptide length and missed cleavage

from the Nano3 method and compared them with those from
the regular in-solution digestion and SP3 method. For the
Nano3 and SP3, we selected the 10 ng sample for this purpose.
For the normal in-solution digestion, over 100 μg mouse brain
proteins were processed with a protein to trypsin mass ratio of
30:1, and 10 ng peptides were analyzed by the same
nanoRPLC-MS/MS method. The Nano3 method performed
as well as the SP3 and regular in-solution digestion regarding
the peptide length and the number of missed cleavages of
peptides, SI Figure S4.
Proteomics analysis of mass-limited samples requires both a

highly efficient sample preparation method and a highly
sensitive LC-MS/MS platform for peptide measurements. Our
RPLC-MS/MS system with a 75-μm-i.d. capillary column only
identified 26 ± 4 (N = 3) protein IDs based on MS/MS when
analyzing 0.2-ng mouse brain peptides, Figure 2A. To further
improve the sensitivity of the platform, we tested another
capillary column with a smaller inner diameter of 50 μm and a
length of 50 cm. A lower flow rate of 90 nL/min or 80 nL/min
was employed for the 50-μm-i.d. column compared to the 75-
μm-i.d. column. We increased the length of the gradient to 105
min because of the delay of the chromatography caused by the
low flow rate. We analyzed 0.2 ng and 2 ng of the mouse brain
digest using the new RPLC-MS/MS system with the 50-μm-
i.d. column. As shown in SI Figure S5A, we identified 224 ± 24
(N = 2) proteins based on MS/MS from the 0.2-ng sample,
which is about 10-times higher than that from the 75-μm-i.d.
column. After employing the MBR function and using the 2-ng
data as the library, we identified 640 ± 41 (N = 2) proteins
from the 0.2-ng sample. The new RPLC-MS/MS system
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showed a drastically better sensitivity for protein ID from
mass-limited samples, and it was used for the following
experiments. SI Figure S5B shows an example chromatogram
of the 2-ng mouse brain peptide sample after analyzed by the
new nanoRPLC-MS/MS system.
Application of the Nano3 Method in Processing 10−

1000 HeLa Cells. The HeLa cell solution was serially diluted
with the PBS buffer into three different concentrations (1000
cells/μL, 100 cells/μL, 10 cells/μL). Then 1 μL of the HeLa
cell solutions with different concentrations were transferred
into the nanoreactor capillary for sample processing with the
Nano3 method, Figure 1. The approximate number of cells
processed by the Nano3 method was 1000, 100, and 10 for the
1000 cells/μL, 100 cells/μL, and 10 cells/μL samples. We
performed two replicates of the sample processing and
repeated the whole experiment once starting from the cell
culture. As shown in Figure 3A, we achieved 1638 ± 204 (n =
4), 1110 ± 221 (n = 4), and 441 ± 263 protein IDs by MS/MS
from the 1000, 100, and 10 cells, respectively. Using the MBR
function, the number of protein IDs was boosted by 123%,
33%, and 10% for the 10, 100, and 1000 cell samples compared

to the MS/MS only data. 983 ± 292 (n = 4) proteins were
identified from the 10 HeLa cells with MS/MS and MBR,
corresponding to, on average, 3635 unique peptides. The
numbers of identified peptides from the 10−1000 cells are
shown in Figure 3B. We also processed one blank sample, and
only 16 proteins were identified. The identified proteins from
the 10−1000 cells are listed in Supporting Information II. The
MS raw files have been deposited to the ProteomeXchange
Consortium via the PRIDE37 partner repository with the data
set identifier PXD027135.
We further evaluated the quantitative reproducibility of the

workflow for analyzing few HeLa cells with the protein
intensity data, Figure 3C−E. Analyses of 100 and 1000 HeLa
cells produced reasonably good reproducibility regarding the
protein intensity with linear correlation coefficients (r) of 0.87
and 0.92. We observed significant variations of protein
intensity across replicate processing of 10 HeLa cells, Figure
3C. We also determined higher variations of the number of
protein and peptide IDs from the 10 cells compared to the 100
and 1000 cell samples, Figure 3A,B. We speculate that the
higher variations of protein ID and intensity from the 10-cell

Figure 3. Summary of the data of 10−1000 HeLa cells processed by the Nano3 method. The number of identified proteins (A) and peptides (B)
from 10, 100, 1000 HeLa cells. The error bars represent the standard deviations of the number of protein and peptide IDs from quadruplicate
sample preparations (two batches and duplicate preparations per batch). (C)−(E) Log−log plots of protein intensity (MS/MS+MBR) correlations
between duplicate preparations of 10, 100, and 1000 HeLa cells using the Nano3 method. (F) Distribution of protein intensity (MS/MS+MBR)
from one 10-cells sample showing the protein intensity dynamic range. The highlighted ones are 18 transcription factors identified in the run.
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samples are due to two reasons. One is the much lower
peptide/protein intensity from the 10-cell samples compared
to 100−1000 cell samples due to the much smaller amounts of
protein materials analyzed. The other reason relates to the
significant variations of the number of cells in the samples. We
injected 1 μL of 10 cells/μL solutions into the nanoreactor for
processing, and we assumed that the cells were uniformly
distributed in the solution, corresponding to 10 cells injected
for sample preparation. To mimic the actual numbers of cells
injected, we examined the cell count under a microscope by
depositing 1 μL of 10 cells/μL solutions onto a glass slide. The
cell count varied from 3 cells to 20 cells across six different
examinations with a median of about 10 cells.
We need to highlight that the intensity of identified proteins

from the 10-cell sample spanned across 5 orders of magnitude,
and 18 transcription factors were confidently identified from
only 10 HeLa cells, Figure 3F. The identified transcription
factors are labeled in the figure. The transcription factors were
determined by comparing the identified proteins from the 10-
cell sample with a transcription factor database reported in the
literature containing over 1600 transcription factors.38 It has
been estimated that in mammalian cells, transcription factors
have a copy number of 10 000 to 300 000 per cell.39 Peptides
from 10 HeLa cells in our study were dissolved in about 5 μL
prior of LC-MS analysis. From there, we estimated the
concentration of transcription factors in the 5 μL solution was
in the range of 33 fM to 1 pM, indicating a high sensitivity of
the overall workflow.
We need to point out that the experiments of 10−1000 cells

were carried out by employing a 1 μL transfer capillary for
controlling the number of cells injected for the Nano3
processing. This approach is appropriate to evaluate the
performance of the Nano3 method for the preparation of few
mammalian cells. However, it may not be straightforward for
processing mass-limited samples from laser capture micro-
dissection (LCM) of tissues and cells isolated by fluorescence
activated cell sorting (FACS) using the Nano3, because under
those situations, the samples are usually transferred into
Eppendorf tubes or wells. To demonstrate the potential of the
Nano3 method for processing trace protein samples placed in
Eppendorf tubes, we put a 1 μL aliquot of a HeLa cell lysate
containing 1 ng proteins in a 0.6 mL low retention Eppendorf
tube and processed the sample with the Nano3 method with
the assistance of a syringe pump operated under a withdraw
mode. The 1 ng HeLa cell proteins were dissolved in a buffer
containing 2% SDS and 70% ACN.
In this experiment, we used a nanoreactor with a total length

of only 100 μm with a total volume of 3 nL to reduce the
backpressure of the nanoreactor for withdrawing the solution
into the nanoreactor capillary directly using a syringe pump.
After the 1-ng HeLa cell proteins were withdrawn into the
nanoreactor capillary, the sample was processed using a similar
approach as the mouse brain sample, SI Figure S2. After
nanoRPLC-MS/MS analyses, 692 ± 182 proteins and 1997 ±
536 peptides (N = 3) were identified from the 1 ng HeLa cell
protein sample based on MS/MS. 990 ± 149 proteins and
3494 ± 705 peptides (N = 3) were identified considering both
MS/MS and MBR with the protein and peptide IDs from one
1000 HeLa cell sample as the library. The overall workflow has
reasonable reproducibility across triplicate preparations of the
1 ng HeLa cell lysates regarding the number of identified
proteins and peptides. The data here demonstrate the potential

of using the Nano3 method for processing mass-limited
samples from LCM or FACS.

■ CONCLUSIONS
In this pilot study, we developed a novel sample preparation
method (Nano3) for processing trace complex proteome
samples with high efficacy for bottom-up proteomics. The
Nano3 method employed the basic concept of minimizing the
sample processing volume. Proteins extracted from cells in a
lysis buffer containing high-concentration SDS were concen-
trated and digested into peptides in the nanoreactor (≤30 nL
total volume). The sample processing was performed in a
relatively closed environment, facilitating the sample storage
before LC-MS analysis. The Nano3 method identified a 40-
times higher number of proteins based on MS/MS than the
SP3 method starting from 2-ng mouse brain proteins, most
likely due to its more than 100 times smaller sample processing
volume than the SP3 method, reducing sample loss and
improving the tryptic digestion. About 1000 proteins, including
18 transcription factors, were identified from only 10 HeLa
cells processed by the Nano3 method, demonstrating the
potential of the Nano3 method for advancing bottom-up
proteomics of few mammalian cells.
We expect the number of protein IDs and quantitative

reproducibility from few mammalian cells (e.g., 10 HeLa cells)
processed by the Nano3 method can be boosted obviously
through several improvements. First, in this proof-of-principle
study, we did not systematically optimize the Nano3 method
for processing few cells. We expect the sample recovery can be
improved significantly after optimizing the volume of the
nanoreactor, the trypsin concentration for digestion, the tryptic
digestion time, and the procedure for peptide elution from the
nanoreactor. Second, the current Nano3 method employs
manual operations, which will introduce variations during
sample preparation unavoidably. We will integrate the Nano3
technique with an automated sample preparation system to
boost the quantitative reproducibility and sample processing
throughput. Third, the number of protein ID and peptide
signal can be increased by employing a liquid-phase separation-
MS/MS system with much better sensitivity than the system
used in the current study. For example, a nanoRPLC-MS/MS
system with a 20-μm-i.d. or 30-μm-i.d. RPLC column and one
of the most advanced mass spectrometers (e.g., Orbitrap
Fusion Lumos) will be certainly helpful for pursuing a better
proteome coverage with improved reproducibility from trace
samples.14,16 Capillary zone electrophoresis (CZE)-MS/MS
could be a useful alternative for analyzing the trace samples
processed by the Nano3 method because it outperformed
nanoRPLC-MS/MS for the characterization of mass-limited
samples regarding the number of protein ID and it has shown
low zmole even ymole level limit of detections for
peptides.8,40−44 We believe that the optimized and automated
Nano3 method coupled with an advanced liquid-phase
separation-MS/MS system will be a useful tool for large-scale
proteome profiling of few mammalian cells.
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