
REVIEWER COMMENTS 

 

Reviewer #1 (Remarks to the Author): 

 

Top-down mass spectrometry (MS) proteomics plays a critical role in identifying post-translational 

modification of proteins. However, the detection and analysis of low-abundance proteins in 

plasma/serum by MS has proven challenging. The authors developed a nanoproteomics platform by 

conjugating superparamagnetic nanoparticles with targeting peptides to enrich cardiac troponin I 

(cTnI), a biomarker for cardiovascular disease, in serum samples. The nanoproteomics platform 

showed excellent cTnI enrichment relative to other abundant proteins in plasma. The authors 

performed a thorough demonstration of the utility of this platform, showing diverse cTnI 

proteoforms and establishing the proteoform-pathophysiology relationship. This is compelling work 

that could be further improved by addressing the following critiques before publication in Nature 

Communications. 

1. From Fig 1c-1e, it appears that there may be Fe3O4-peptide aggregation. Therefore, the reviewer 

suggests adding more experiments on the dispersibility and size uniformity of Fe3O4-peptide, as this 

may influence surface area and cTn1 enrichment. 

2. While SDS-PAGE provides a gross measure of assay reproducibility, it has important limitations. It 

would be more compelling to see bottom-up MS data of three replicates (NP-Targeting Peptide) 

from the serum with data presentation in a Venn diagram to show reproducibility. 

3. Fig. 11 demonstrates the authors’ claim that the salt (NaCl) concentration of the wash buffer was 

a critical tunable parameter to promote effective cTn1 enrichment. It would be helpful to test that 

hypothesis and explain this phenomenon with additional relevant experiments. In addition, the 

authors should also determine the zeta potential of the NP-Pep, since the electric charge intensity 

could influence cTn1 enrichment when using different NaCl concentrations as the washing buffer. 

4. When the authors sought to evaluate the cTn1 enrichment performance of NP-Pep and measure 

cTn1 enrichment, they first used ELISA to briefly determine the cTn1 ratio. Does this mean that the 

authors should also use ELISA to determine the ratio and then use the corresponding concentration 

of NP-Pep for cTn1 enrichment? What determines the concentration of NP-Pep used? 

5. Although the targeting peptide can specifically adsorb cTnl proteoforms with depletion of human 

serum albumin, there are still other nonspecific proteins on the SDS-PAGE gel images that are 

normal. The authors should discuss this in more depth. In addition, could the authors analyze the 

most abundant proteins (e.g., the top 10) and their accumulation percentages? Does the size of 

nonspecific proteins and the size difference between NPs and nonspecific proteins affect enrichment 

performance? 

6. The targeting peptide, which has an excellent binding affinity (0.27 nM), lends the iron oxide 

nanoparticles outstanding capacity to enrich cTnl proteoforms. In human blood samples, the authors 



use the spike-in cTnl samples to test their platform. With known spike-in cTnl samples, can the 

authors calculate the enrichment efficiency from the cTnI spike-in serum samples? 

7. In figure S13, the unfunctionalized NPs(i) have very poor enrichment performance. Is that because 

of the hydrophobicity of NP-BAPTES before peptide conjugation? The NPs conjugated with control 

peptide(iii) showed much weaker enrichment of cTnl but similar enrichment of nonspecific proteins 

compared with NPs conjugated with targeting peptide. Could the authors compare the accumulation 

percentage of the 10 most abundant proteins (loading mixture)? This may help readers understand 

how to eliminate the adsorption of nonspecific proteins. 

8. It is very impressive that targeting peptide-conjugated NPs have an excellent capacity to deplete 

human serum albumin, but the authors did not mention whether the control peptide-conjugated 

NPs also have this ability. Where does the albumin-depletion property come from? The NP itself or 

the peptide sequence? Can the authors compare the albumin depletion capability of targeting 

peptide-conjugated NPs and control peptide-conjugated NPs? 

9. SDS-PAGE gel shows obvious protein enrichment, including the target cTnl. Since targeting 

peptides can specifically and tightly bind with cTnl, could the authors perform a second elution to 

determine whether some cTnl and other proteins are left on the surface of NPs after the first 

elution? 

10. Stability is critical when considering the commercialization of this nanoproteomics technology. 

Will this NP-targeting peptide maintain its targeting performance after 3 months? 6 months? 

 

 

 

Reviewer #2 (Remarks to the Author): 

 

Tiambeng et al. present an interesting antibody-free approach for characterization of low abundance 

cardiac troponin I proteoforms directly from human serum based on a powerful combination of top-

down mass spec and nanotechnology (peptide-functionalized superparamagnetic nanoparticles). 

The novelty is primarily in enrichment protocol, with other methods employed, including top-down 

mass spectrometry, being generic. The study is well planned and executed, and technical quality is 

high. This is however a highly targeted approach that will be of limited interest to broad audience at 

least in its current version. I would strongly suggest expanding the discussion of general applicability 

and potential for the future. 

Specific comments: 

Pages 4-6, Figure 1: The idea of using allenamides for selective conjugation to Cys is interesting and 

novel (even though this chemistry has been around for some time). It appears that the site 

selectivity would be lost if the peptide to be conjugated has Cys as part of the binding sequence. 



Azides and cyclooctynes would be alternatives that could easily be incorporated via SPPS and be fully 

biorthogonal. Authors should discuss these limitations and alternative approaches. 

Pages 4-6, Figure 1: Another concern is the use of thermogravimetric analysis to determine a surface 

density of 1.5 peptide/nm2. That is an unusual way of measuring peptide loading and it is not clear 

from the manuscript how the authors arrived at that value. Since the peptide has two Trp residue 

and one Tyr, couldn’t they just measure the depletion of peptide during the NP-BAPTES reaction 

using 280 nm absorbance and derive a more useful value such as µmol peptide per mg nanoparticle? 

That way at least it would be known how much total peptide ligand is being added to the sarcomeric 

protein extracts. 

Pages 4-6, Figure 1: Because NP-Ctrl and NP-Pep contain reactive sites that have not been quenched 

with an exogenous thiol (e.g. glutathione or Cysteine) after the conjugation reaction, it is possible 

that BAPTES could react with Cys-containing proteins or other compounds downstream. Please 

comment. 

Figure 1: The DCM/water biphasic analysis is interesting. Did the authors perform a mock reaction 

first with NP-BAPTES or added it after being vacuum dried (in which case it is not a fair comparison 

with NP-Pep). 

Pages 8-9, Figure S12: The SDS-PAGE with SYPRO showed depletion of nonbinding proteins through 

loading, flow through, and eluate. However, the enrichment could have been better demonstrated 

with ELISA instead of MS peak abundance. 

Page 8: “NP-BAPTES functionalized with a negative-control peptide containing alanine substitutions 

to reduce cTnI-binding affinity” - however there are more amino acid substitutions to the control 

peptide than just alanine. It is unclear what was the rational for the other changes. 

Page 9, Figure 2, Figure S12, Table S3 (and elsewhere): It appears proteoforms were identified using 

only accurate intact mass measurements on a Q-TOF. While this approach allows for increased 

sensitivity, it obviously has limitations and would have to supplemented by MS/MS to e.g. inform on 

the site of phosphorylation (other PTMs). Did authors attempt to perform MS/MS measurements? 

Did they detect any novel proteoforms in comparison to prior art? Some discussion around these 

topics would have been helpful. 

Page 12, Figure 3: Comparing the nanoparticles to agarose and NP-Pep to Agarose-mAb is not a fair 

comparison. A better comparison would have been dynabeads linked to the mAb or peptide. That 

would strengthen the argument that nanoparticles are superior other particles (page 3), and that the 

peptide is better than the mAb. 

Tables S3 and S4: ppcTnI[1-206] should be ppcTnI[1-207] based on the listed observed mass. This 

would be consistent with Figure S12 

Page15, line 319: should it be 0.006 ng/mL (instead of 0.06 ng/mL)? 

Figure S21 shows the amount of cTnI as a function of concentration (ng/mL) except in (d) where it’s 

portrayed as amount (ng). The legend mentions loading as a function of concentration as well, but 

without knowing the volume loaded it’s not possible to derive the estimated total cTnI loaded onto 



the LC column. A table shows the calculated and observed masses of ppcTnI as 24063.7 Da, however 

these masses are inconsistent with (b) of the same figure and the tables in the supplemental. 

Figures S22-23: The 32+ charge state of ppcTnI portrayed in figure S22 is inconsistent with the 32+ 

charge state portrayed in figure S23, although it appears figure 22 has the correct m/z. The entire 

m/z axis of figure 23 is confusing as it skips between 0.5 m/z and 5 m/z steps. 

 

 

 

 

Reviewer #3 (Remarks to the Author): 

 

Thanks for the opportunity to review this methodological manuscript. The paper is well-written, 

well-organized, well-illustrated, properly referenced and novel. 

 

In this work, a multidisciplinary team of chemists, and cell & molecular biologists, presents a 

nanoparticle-based preparatory method for selectively, sensitively and consistently detecting an 

exemplary protein of clinical interest, cardiac Troponin I (cTnI). 

 

The premise of the work relates to the longtime-, well-known- problem of plasma or serum 

proteome assessment that is due to the large dynamic range of proteins in terms of concentration 

and the dominance of the measurable proteome by such high molecular weight entities as 

circulating albumin. Regardless of our awareness of this issue, approaches thus far have not solved 

the problem. 

 

The improvement of pre-MS preparation, beyond the use of immuno-based techniques for selection 

of certain proteins has long been needed. Thus, the nano-proteomic strategy to detect and 

quantitate proteoforms like those of cTnI is of considerable interest and potential. 

 

My assessment of the technology is very high level. It appears logical and valid. The experimental 

replicates and the reliance on three different types of human heart muscle samples allows 

comparison of normal with disease state tissues using this methodological workflow. 

 

The figures illustrate the nature of each experiment well, interpretable by a non-expert. 



 

A few questions which if answered and with answers intercalated into the paper should add a little 

value; they are as follows: 

 

1. Is it assumed that the approach used for cTNI would/will work for the other troponins? Will it 

work for other low abundance proteins in plasma or serum like cytokines, growth factors, etc.? 

Please elaborate the basis of this belief? If other low abundance proteoforms could be assessed, 

what would be the hurdles for doing so that are not covered by the work that you present here? 

 

2. What is the practicability of the nano-proteome strategy versus immuno-strategies in terms of 

time, various costs and broader applicability for the detection of other low abundance proteoforms? 

 

3. While this nano-proteomic technique appears sensitive, reproducible, etc., will it be so when 

plasma or serum from patients with different levels of blood lipids, blood sugar, etc., are 

encountered? 

 

4. What is the value of showing the different nano-proteoforms between the three hearts that were 

studied? Do you have any insight as what those apparent differences might mean? Please elaborate. 

 

5. When you do the spike-in experiments, which cTnI do you use? Why? Would a different source 

impact your results? Overall, how do you assure specificity of what you are measuring (realizing the 

problems of specificity that exist with immuno-pre-MS techniques? 

 

6. Will this advanced technique ever have clinical relevance? Please explain how and likely when? 

What are the hurdles? 

 

Thanks for the privilege of reviewing this paper. 
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Reviewer Comments 
 
Reviewer #1 (Remarks to the Author): 
 
Top-down mass spectrometry (MS) proteomics plays a critical role in identifying post-translational 
modification of proteins. However, the detection and analysis of low-abundance proteins in plasma/serum 
by MS has proven challenging. The authors developed a nanoproteomics platform by conjugating 
superparamagnetic nanoparticles with targeting peptides to enrich cardiac troponin I (cTnI), a biomarker 
for cardiovascular disease, in serum samples. The nanoproteomics platform showed excellent cTnI 
enrichment relative to other abundant proteins in plasma. The authors performed a thorough demonstration 
of the utility of this platform, showing diverse cTnI proteoforms and establishing the proteoform-
pathophysiology relationship. This is compelling work that could be further improved by addressing the 
following critiques before publication in Nature Communications. 
 
Response: We are grateful to the Reviewer for the highly positive comments. 
 
1.1. From Fig 1c-1e, it appears that there may be Fe3O4-peptide aggregation. Therefore, the reviewer 
suggests adding more experiments on the dispersibility and size uniformity of Fe3O4-peptide, as this may 
influence surface area and cTn1 enrichment. 
 
Response: We thank the Reviewer for the constructive comments. Following the Reviewer’s suggestions, 
we have included a new Supplementary Figure 10 (page S18, also enclosed below) showing zeta potential 
analysis of NP-Pep at physiological pH (7.4). We have also added an additional sentence in the main text 
(page 7) describing the use of zeta potential to confirm dispersibility and colloidal stability: “To 
demonstrate the colloidal stability of the NP-Pep, we determined the zeta potential (z-potential) of the NP-
Pep suspended in 0.1x PBS buffer (pH 7.4) to be ~ -38 mV, which has been previously shown to be both 
ideal for serum protein applications and sufficient for electrostatic repulsive forces to dominate over the 
van der Waals force, such that agglomeration is suppressed1,2” 

 
Supplementary Figure 10 
Summary of zeta potential measurements on NP-Pep.  
a, Plots of apparent zeta potentials for NP-Pep suspended in 0.1x PBS buffer (pH = 7.4) at a mass loading 
concentration of 0.25 mg/mL. Data are representative of n = 10 independent NP-Pep syntheses from the 
same NP-BAPTES batch. b, Table summary of electrophoretic mobility, conductivity, and zeta potential 
results as shown in (a). 
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1.2. While SDS-PAGE provides a gross measure of assay reproducibility, it has important limitations. It 
would be more compelling to see bottom-up MS data of three replicates (NP-Targeting Peptide) from the 
serum with data presentation in a Venn diagram to show reproducibility. 
 
Response: We thank the Reviewer for raising these concerns. To clarify, while we show SDS-PAGE as 
one measure of assay reproducibility, we further demonstrate the reproducibility of the NP-Pep enrichment 
using top-down LC/MS analysis of the exact protein mixtures that were loaded in the each SDS gel text 
(featured in Fig. 2c-e and Fig. 3b-d). We thank the Reviewer for suggesting bottom-up MS analysis, but 
we believe top-down MS is better suited to demonstrate assay reproducibility. Shotgun/bottom-up MS 
proteomics is not ideally suited for validating reproducibility because it suffers from issues related to 
variable protein digestion and irreproducible protein identification/quantitation3-5. In contrast, top-down 
MS proteomics has been shown to be highly quantitative and provides a reproducible method for assaying 
complex biological differences, even by a label-free approach6-8. Following the Reviewer’s suggestion to 
further illustrate the assay’s reproducibility, we have incorporated a new Supplementary Figure 14 (page 
S22) showing top-down LC/MS analysis of six NP-Pep enrichment elution mixtures arising from three 
different inter- and intra-batch NP-Pep enrichment elution mixtures. Moreover, we have provided 
additional serum NP-Pep enrichment characterization by top-down LC/MS in a new Supplementary 
Figure 22 (page S30). These results unambiguously demonstrated the reproducibility of this 
nanoproteomics assay from batch-to-batch and from sample-to-sample. Below are the specific new 
Supplementary Figures provided in this revision:  
 

 
Supplementary Figure 14 
Top-down LC/MS cTnI enrichment reproducibility by NP-Pep.  
a-b, Total ion chromatogram mass spectra (TIC-MS) of six independent NP-Pep elution mixtures (E) 
obtained from human heart extracts. The elution mixtures are shown for each run (a) and overlaid in a single 
plot (b). Equal amounts of NP-Pep (5 mg) were used for cTnI enrichment containing 0.3% cTnI obtained 
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from a human donor heart. c, Raw MS1 of cTnI obtained from the NP-Pep elution mixtures corresponding 
to (a-b). d, Deconvoluted mass spectra corresponding to enriched cTnI in (a-c). Roman numerals 
correspond to N-terminally acetylated cTnI proteoforms following Met exclusion: (i) ppcTnI[1-207]; (ii) 
cTnI; (iii) pcTnI; (iv) ppcTnI. cTnI proteoforms were identified based on accurate intact mass measurement, 
using the most abundant mass calculated from the amino acid sequence of entry name TNNI3_human from 
the UniProtKB sequence database. Data correspond to the results shown in Fig. 2 and Supplementary Fig 
13. 
 

 
Supplementary Figure 22 
Top-down LC/MS serum cTnI enrichment reproducibility and characterization by NP-Pep.  
a, Total ion chromatogram mass spectra (TIC-MS) of three independent NP-Pep elution mixtures (E) 
obtained from a serum spike-in cTnI enrichment. Equal amounts of NP-Pep (5 mg) from separate synthesis 
batches were used for cTnI enrichment from human serum (10 mg) containing a minimal spike-in of cTnI 
(final concentration of 18.7 ng/mL), obtained from a human donor heart. b, Raw MS1 of cTnI obtained 
from the NP-Pep elution mixtures corresponding to (a). 
 
1.3. Fig. 11 demonstrates the authors’ claim that the salt (NaCl) concentration of the wash buffer was a 
critical tunable parameter to promote effective cTn1 enrichment. It would be helpful to test that hypothesis 
and explain this phenomenon with additional relevant experiments. In addition, the authors should also 
determine the zeta potential of the NP-Pep since the electric charge intensity could influence cTn1 
enrichment when using different NaCl concentrations as the washing buffer. 
 
Response: We thank the Reviewer for the constructive comments. Please refer to the previous response 
(response 1.1) and the new Supplementary Figure 10 showing the zeta potential of the NP-Pep at 
physiological pH. For reference, the zeta potential of the NP-Pep was determined to be ~ -38 mV at pH = 
7.4. Although the exact mechanism on how the salt concentration influences NP-Pep binding with cTnI is 
very complicated (as previous works have demonstrated)9-11 and would require extensive study beyond the 
scope of the current work, there are previous literature reports that suggest “charge-screening” effects12 to 
be a likely mechanism to why increasing salt concentrations is beneficial to cTnI enrichment.  

It has been previously reported that the isoelectric point of cTnI in serum patient samples is 
relatively acidic (pI = 5.2-5.4)13 and will be negatively charged at physiological pH (7.4). Because the NP-
Pep is also negatively charged at physiological pH (-38 mV), there will be ionic repulsion between the NP-
Pep and the cTnI due to like-charges. In this case, increasing salt concentrations to an optimal concentration 
range (~ 300 mM NaCl as determined in Supplementary Figure 12) can serve to minimize the ionic 
repulsion effects and simultaneously enhance peptide-cTnI interaction. Our data are in agreement with a 
previous report by Huang et. al in which they found salt concentration was a critical parameter that 
influenced protein binding to the aptamer-modified nanoparticles14. We would like to note that there are 
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additional benefits to the negative surface charge of our NP-Pep for serum enrichment, because 
nanoparticles with neutral and negative surface charges have been previously shown to reduce the 
adsorption of serum proteins, thereby improving their efficacy2. 
 
1.4. When the authors sought to evaluate the cTn1 enrichment performance of NP-Pep and measure cTnI 
enrichment, they first used ELISA to briefly determine the cTnI ratio. Does this mean that the authors should 
also use ELISA to determine the ratio and then use the corresponding concentration of NP-Pep for cTn1 
enrichment? What determines the concentration of NP-Pep used? 
 
Response: We thank the Reviewer for the valuable comments. To clarify, although ELISA was used to 
determine the initial ratio or concentration of cTnI in each biological sample, ELISA calibration is not 
necessary prior to NP-Pep enrichment. The concentration of NP-Pep used for serum cTnI enrichment was 
determined by protein assay calibrations relative to the total mass of serum protein in each sample. 
Experimentally, we determined that 0.5 mg NP-Pep per 1 mg of human serum was sufficient for effective 
cTnI enrichment (Fig. 3). Because the NP-Pep possess a peptide surface coverage of ~ 0.034 µmol/mg NP-
Pep (revised Supplementary Table 3; see response 2.2), the amount of NP-Pep (typically 5 mg NP-Pep 
per 10 mg serum) used in the serum enrichments is often in excess (~ 10,000-fold mol excess of peptide 
relative to cTnI) with respect to the total concentration of serum cTnI (typically ≤ 50 ng/mL). Following 
the Reviewer’s comments, we have also added a note in the Supplementary Methods: “Typically, a 
relative loading of 0.5 mg NP-Pep per 1 mg of human serum was determined to be sufficient for effective 
serum cTnI enrichment”.  
 
1.5. Although the targeting peptide can specifically adsorb cTnl proteoforms with depletion of human serum 
albumin, there are still other nonspecific proteins on the SDS-PAGE gel images that are normal. The 
authors should discuss this in more depth. In addition, could the authors analyze the most abundant proteins 
(e.g., the top 10) and their accumulation percentages? Does the size of nonspecific proteins and the size 
difference between NPs and nonspecific proteins affect enrichment performance? 
 
Response: We thank the Reviewer for the thoughtful suggestions. Following the Reviewer’s comments, 
we have performed a thorough investigation of the adsorbed proteins on the NP-Pep following serum 
enrichment. We have added the new detailed analysis summarizing the proteins reproducibly captured by 
the NP-Pep across multiple (n = 5) independent NP-Pep serum enrichments as a new Supplementary 
Figure 23 (page S31). To provide more context between the size of the nonspecifically bound proteins, we 
note that based on the new Supplementary Figure 23 and the SDS-PAGE results (Fig. 3a, Supplementary 
Figures 16,19) our data does not suggest an immediate relationship between the size of nonspecific serum 
proteins and the final enrichment performance. Hu et. al.15 have previously shown that the size of iron oxide 
NPs could affect the accumulation of nonspecific proteins when introduced into serum and their results 
suggest that smaller nanoparticles (< 200 nm) accumulate less serum proteins overall. Following the 
Reviewer’s suggestions, we have also added additional description of the nonspecifically bound proteins 
following NP-Pep serum enrichment to the main text (page 15): “Although the NP-Pep demonstrates highly 
effective HSA depletion, there are some nonspecific proteins still retained from the serum enrichment (Fig. 
3a and Supplementary Figure 19). To investigate these coeluted proteins, we performed a detailed 
analysis of all top-down LC/MS proteins identified in the NP-Pep serum elution mixtures (Supplementary 
Figure 23). cTnI was demonstrated to be confidently identified and consistently captured in all NP-Pep 
serum enrichment trials (Supplementary Figure 23)”. The new Supplementary Figure 23 is shown 
below: 
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Supplementary Figure 23 
Summary and illustration of proteins identified by NP-Pep following serum enrichment. 
Table summarizing the top 12 most frequently identified proteins enriched by the NP-Pep from serum cTnI 
spike-in enrichments obtained by combining n = 5 independent enrichments. cTnI (TNNI3) is confidently 
identified in all enrichment trials. Protein E-Value score is reported for each identification. 
 
1.6. The targeting peptide, which has an excellent binding affinity (0.27 nM), lends the iron oxide 
nanoparticles outstanding capacity to enrich cTnl proteoforms. In human blood samples, the authors use 
the spike-in cTnl samples to test their platform. With known spike-in cTnl samples, can the authors calculate 
the enrichment efficiency from the cTnI spike-in serum samples? 
 
Response: We thank the Reviewer for this suggestion. Following the Reviewer’s comments, we have added 
a new Supplementary Figure 27 (page S35 and also enclosed below) illustrating the cTnI enrichment 
efficiency of the NP-Pep from tissue and cTnI spike-in serum samples. To be more precise, there are two 
aspects for the “enrichment efficiency”: i) enrichment factor describing the ratio of the concentrations of 
the cTnI after and before enrichment; ii) percent recovery describing the percentage of cTnI in the original 
mixture that is captured and detected after the enrichment. To incorporate this new information, we have 
included the following additional discussion of the serum cTnI enrichment efficiency in the main text (page 
16) “Additionally, we evaluated the serum cTnI enrichment performance of the NP-Pep compared to the 
Agarose-mAb by ELISA detection of the cTnI amount before and after enrichment (Supplementary Fig. 
27). The NP-Pep demonstrated a high cTnI enrichment factor (115-fold) and the serum cTnI percent 
recovery of the NP-Pep is ~ 51% (3-fold higher than the Agarose-mAb, ~ 17%). We believe that the cTnI 
percent recovery can be further improved with future optimizations in automating the NP-Pep enrichment 
workflow to reduce sample handling and transfer steps which may result in unnecessary protein loss. 
Furthermore, additional instrumentation improvements in top-down MS16 will further improve the LOD of 
the platform toward the diagnostic cutoff value used by contemporary cTnI ELISA (≤ 0.04 ng/mL)”.  
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Supplementary Figure 27 
ELISA-based cTnI enrichment efficiency quantification of NP-Pep and Agarose-mAb.  
a, ELISA-based colorimetric quantification of cTnI standards (blue dashed box) and enrichment samples 
(black dashed box). All samples were dispensed in triplicate and the assay was performed according to the 
manufacturer’s instructions. The ELISA assay uses capture antibodies targeting cTnI amino acids 18-28 
and 86-90, with detection antibodies targeting cTnI amino acids 41-49. b, ELISA-based standard curve (0 
ng, 0.4 ng, 1.25 ng, 2.5 ng, 7.5 ng, 20 ng) used for the quantification of cTnI amount before enrichment and 
after enrichment by NP-Pep or Agarose-mAb. c, Summary of enrichment performance results for NP-Pep 
(tissue/serum) and Agarose-mAb (serum).  

cTnI	enrichment	factor =
0120324564712	0829	:;435	<2570=>324	(!"#$)

0120324564712	0829	A3;153	<2570=>324	(!"#$)
. 

cTnI	percent	recovery = 0829	:;435	<2570=>324	(2E)
0829	A3;153	<2570=>324	(2E)

× 100%. 
 
1.7. In figure S13, the unfunctionalized NPs(i) have very poor enrichment performance. Is that because of 
the hydrophobicity of NP-BAPTES before peptide conjugation? The NPs conjugated with control 
peptide(iii) showed much weaker enrichment of cTnl but similar enrichment of nonspecific proteins 
compared with NPs conjugated with targeting peptide. Could the authors compare the accumulation 
percentage of the 10 most abundant proteins (loading mixture)? This may help readers understand how to 
eliminate the adsorption of nonspecific proteins. 
 
Response: We appreciate the Reviewer’s comments. The most important reason for the poor enrichment 
performance of unfunctionalized NPs is that they do not have any functionalized groups that can specifically 
recognize and bind to the cTnI. We also agree with the Reviewer that the hydrophobicity of NP-BAPTES 
before peptide conjugation also contribute to the poor enrichment performance of unfunctionalized NPs. 
As the Reviewer suggested, we have included a new Supplementary Figure 23 (refer to the previous 
response 1.5) detailing the accumulation of proteins on the NP-Pep during protein enrichment. Referring to 
Supplementary Figure 13 (now labeled as Supplementary Fig. 15 in the revised Supplementary 
Information). We believe that the similarity of the nonspecifically bound proteins between the NPs 
conjugated with control peptide (iii) and the final NP-Pep (iv) is likely a reflection of the similar general 
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physiochemical states of these NPs and the most abundant nonspecific proteins found from the protein 
loading mixture (L). On the other hand, the physiochemical states of the unfunctionalized NPs (i) 
(Supplementary Figure 15) are very different from those of the peptide functionalized NPs, and they 
display minimal nonspecific protein binding. As suggested by the Reviewer, we do suspect that the 
resistance to nonspecific proteins may likely be a combination of ionic and hydrophobic effects, because 
the major classes of interactions of proteins in aqueous solution involve ionic/electrostatic, 
hydrophobic/entropic, and H-bonding interactions17. Future works will aim to better understand these 
protein adsorption behaviors to better rationally design surface functionalization chemical motifs to 
minimize the absorption of nonspecific proteins for protein enrichment from complex biological mixtures.  
 
1.8. It is very impressive that targeting peptide-conjugated NPs have an excellent capacity to deplete human 
serum albumin, but the authors did not mention whether the control peptide-conjugated NPs also have this 
ability. Where does the albumin-depletion property come from? The NP itself or the peptide sequence? Can 
the authors compare the albumin depletion capability of targeting peptide-conjugated NPs and control 
peptide-conjugated NPs? 
 
Response: We thank the Reviewer for the constructive comments. From our general experience, the control 
peptide-conjugated NPs also showed a significant depletion of human serum albumin, although the 
nonspecific binding was similar to the final NP-Pep. We did not specifically investigate the human serum 
albumin depletion by the control peptide-conjugated NPs in detail, because they only served to mostly 
illustrate the critical role of the specific peptide for the final NP-Pep formulation. To comment on the origin 
of the albumin depletion property, we note that the agarose-beads functionalized with the same cTnI-
targeting peptide (Agarose-Pep) demonstrated significant albumin retention (Fig. 3, Supplementary 
Figures 19-21). On the other hand, the unfunctionalized BAPTES-NPs (NP-Ctrl) displayed minimal 
nonspecific protein binding and similar depletion of HSA, compared to the final NP-Pep (Fig. 3, 
Supplementary Figures 19). These results imply that the NP itself is responsible for the albumin-depletion 
property, not the peptide sequence.  
 
1.9. SDS-PAGE gel shows obvious protein enrichment, including the target cTnl. Since targeting peptides 
can specifically and tightly bind with cTnl, could the authors perform a second elution to determine whether 
some cTnl and other proteins are left on the surface of NPs after the first elution? 
 
Response: We thank the Reviewer for this suggestion. We actually had previously attempted subsequent 
elutions using 200 mM glycine hydrochloride, pH 2.2, or 1% SDS and we found that the majority of proteins 
were released exclusively in the first elution mixture, with minimal protein amounts detected in subsequent 
elutions. Because of this, our routine procedure only uses one elution. We have added a note about this in 
the Supplementary Methods. 
 
1.10. Stability is critical when considering the commercialization of this nanoproteomics technology. Will 
this NP-targeting peptide maintain its targeting performance after 3 months? 6 months? 
 
Response: We agree that stability will be critical for the future commercialization of this nanoproteomics 
technology and we will continue to investigate shelf-life and storage conditions in future studies. Currently, 
we have preliminary estimates that the NP-Pep remains stable when suspended in aqueous media at 4 °C 
for at least 3 months, which was the longest period of time we had kept using one batch of fully 
functionalized NP-Pep so far. Our future efforts will include accelerated stability testing to understand 
short- and long-term NP-Pep stability, which would be important for efforts toward commercialization of 
this technology. We have already filed a provisionary patent (Ge Y.; Jin, S; Tiambeng T. N., Roberts D. S. 
“Accurate and Comprehensive Cardiac Troponin I Assay Enabled by Nanotechnology and Proteomics” 
Provisional Patent 62/949,869 filed December 18, 2019).   
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Reviewer #2 (Remarks to the Author): 
 
Tiambeng et al. present an interesting antibody-free approach for characterization of low abundance 
cardiac troponin I proteoforms directly from human serum based on a powerful combination of top-down 
mass spec and nanotechnology (peptide-functionalized superparamagnetic nanoparticles). The novelty is 
primarily in enrichment protocol, with other methods employed, including top-down mass spectrometry, 
being generic. The study is well planned and executed, and technical quality is high. This is however a 
highly targeted approach that will be of limited interest to broad audience at least in its current version. I 
would strongly suggest expanding the discussion of general applicability and potential for the future. 
 
Response: We thank the Reviewer for the critical comments. To expand on the discussion of general 
applicability and potential for the future we have revised the main text and included new points in the 
conclusions section (pages 19-20): “This antibody-free approach can be leveraged in future clinical cTnI 
diagnostic assays. By further applying to a large human cohort, patient blood samples can be analyzed to 
comprehensively detect all cTnI proteoforms and establish the relationships between cTnI proteoforms and 
underlying disease etiology18” and “Ultimately, this nanoproteomics strategy could enable next-generation 
precision medicine approaches for comprehensive cTnI analysis toward accurate diagnosis, better risk 
stratification, and improved outcome assessment of patients presenting with various cardiovascular 
syndromes. Beyond cTnI, we expect that this scalable and reproducible top-down nanoproteomics approach 
can be generally applied to other low-abundance plasma/serum proteins of interest, such as cytokines or 
growth factors, when provided if the NPs can be functionalized with a suitable affinity reagent19,20. With 
the exciting recent advances in phage display libraries21, in silico techniques22, and designing 
aptamers/affimers have made largely owing to advancements in high-throughput methods for systemic 
evolution of ligands by exponential enrichment (SELEX)23,24, the design and selection of effective affinity 
reagents for targeted protein analysis is more accessible than ever before. This nanoproteomics strategy is 
capable of providing previously unachievable molecular details of low-abundance serum proteins in general 
and can serve as an enabling technology to comprehensively map the proteoform landscape.” 
 
2.1. Specific comments: 
Pages 4-6, Figure 1: The idea of using allenamides for selective conjugation to Cys is interesting and novel 
(even though this chemistry has been around for some time). It appears that the site selectivity would be 
lost if the peptide to be conjugated has Cys as part of the binding sequence. Azides and cyclooctynes would 
be alternatives that could easily be incorporated via SPPS and be fully biorthogonal. Authors should 
discuss these limitations and alternative approaches. 
 
Response: We thank the Reviewer for the excellent suggestion. First, we would like to clarify that the 
cysteine (Cys) amino acid used here for selective peptide conjugation to the nanoparticles is not part of the 
original binding sequence (HWQIAYNEHQWQ) and is instead further appended to the C-terminus of the 
peptide (HWQIAYNEHQWQ-Cys) for conjugation. Additionally, we have previously tested a similar 
peptide sequence with a Gly-Gly-Gly spacing linker between the 12-mer cTnI-peptide binding sequence 
and the appended cysteine residue, with no noticeable difference in resultant cTnI enrichment performance. 
However, we agree that the current allenamide method coupling strategy requires available Cys residues 
that not critical to the binding sequence. Alternative coupling methods, such as the mentioned azides and 
cyclooctynes, can be promising alternatives in the case a nonessential Cys residue is not available. 
Following the Reviewer’s suggestions, we have added an additional sentence in the main text (page 5) 
discussing alternative strategies for biorthogonal conjugation approaches: “It should be noted that such 
allene carboxamide chemistry relies on the presence of a Cys nonessential to the peptide binding sequence. 
In the case where such a Cys is not available, alternative bioorthogonal coupling approaches, such as azides 
and cyclooctynes, can be employed25,26”. 
 
2.2. Pages 4-6, Figure 1: Another concern is the use of thermogravimetric analysis to determine a surface 
density of 1.5 peptide/nm2. That is an unusual way of measuring peptide loading and it is not clear from 
the manuscript how the authors arrived at that value. Since the peptide has two Trp residue and one Tyr, 
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couldn’t they just measure the depletion of peptide during the NP-BAPTES reaction using 280 nm 
absorbance and derive a more useful value such as µmol peptide per mg nanoparticle? That way at least 
it would be known how much total peptide ligand is being added to the sarcomeric protein extracts.  
The calculation of surface density is derived from normalized weight loss Measurement at 280 nm could 
potentially be another way of verifying the concentration. 
 
Response: We thank the Reviewer for the constructive comments. While UV-Vis measurement at 280 nm 
is typical and would be convenient for measuring peptide concentration, the iron oxide nanoparticles show 
a strong sloping absorption feature throughout the visible range (200 - 600 nm) that interferes with potential 
UV-Vis measurements, especially at ~ 280 nm27. In this case, UV-Vis is not well-suited for quantifying 
surface peptide coverage. Actually, the use of thermogravimetric analysis (TGA) to quantify nanoparticle 
surface organic coating is a common and well-established analytical technique and has been previously 
used to quantify surface biomolecules, such as peptides, on nanomaterials28-31.  

But we agree with the Reviewer that the TGA determination of peptide surface density should be 
described in more detail and we thank the Reviewer for the suggestion to report the surface density as µmol 
peptide per mg nanoparticle as a more informative metric. Moreover, we would like to thank the Reviewer 
for raising the concern, as we have found an arithmetic error during the calculation of the peptide surface 
density (previously reported as 1.5 peptide/nm2). The corrected peptide surface density (0.2 peptide/nm2 or 
0.034 µmol peptide per mg nanoparticle) has been revised in the main text (page 7) with the following 
sentence: “From the difference in weight loss (~ 6%) between the NP-BAPTES and the final NP-Pep, a 
surface density of ~ 0.0.034 µmol peptide/mg NP was inferred (Supplementary Table 1-3)”. Following 
the Reviewer’s suggestion, we have incorporated the mentioned changes in a revised Supplementary 
Table 1 (page S39) and two new Supplementary Tables 2-3 (pages S40-41 and also shown below) that 
detail the surface coverage analysis by TGA. 
 
Supplementary Table 2. Summary showing the details of using TGA analysis to estimate the surface 
density of BAPTES ligands on the surface of NPs. 

Nanoparticle NP-BAPTES 
Average radius (obtained from TEM) 4.0 nm 

The mass of BAPTES ligand molecules (quantified 
by TGA % mass loss), m 

26% × 4.313 mg (Sample size used for TGA)  
= 1.121 mg BAPTES 

Total number of BAPTES ligand molecules = 
𝑚
𝑀𝑊

×𝑁: 
where MW, ligand molecular weight; 𝑁:, 

Avogadro’s number (6.022 × 10NO >1P30QP3R
>>1P

	) 

1.121	𝑚𝑔	𝐵𝐴𝑃𝑇𝐸𝑆

287.12	 	𝑚𝑔𝑚𝑚𝑜𝑙
× 6.022 × 10NO

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑚𝑚𝑜𝑙

 

 
= ~ 2.35 × 10ef	𝐵𝐴𝑃𝑇𝐸𝑆	𝑙𝑖𝑔𝑎𝑛𝑑	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

The total mass (M) of NPs in TGA sample 4.313	𝑚𝑔	𝑠𝑎𝑚𝑝𝑙𝑒 − 1.207	𝑚𝑔	𝐵𝐴𝑃𝑇𝐸𝑆
= 3.192	𝑚𝑔	𝑁𝑃𝑠 

The total volume (V) of NPs from TGA sample 
	p𝜌 = r.ef	E

0>% s V= M/	𝜌 ; 6.162 ×10-4 cm3 

The volume (v) of a single NP 𝑣 = 	 u	
v
𝜋	(4 × 10xy𝑐𝑚)v= 2.68 × 10-19cm3 

Total # of NPs from TGA sample: z
{
=|.}r	×	eO&'	~�%

N.|f	×	eO&()~�%= 2.298 × 1015 NPs 

# of BAPTES ligands per NP ~1023 
SA (total surface area) N × 	4𝜋𝑟N 4.622 × 1017 nm2 

# of BAPTES ligands per nm2 ~5 
µmol BAPTES ligands per mg of nanoparticle ~0.90 µmol BAPTES/mg of NP 
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Supplementary Table 3. Summary showing the details of using TGA analysis to estimate the surface 
density of cTnI peptide ligands on the surface of NPs. 

Nanoparticle NP-Pep 
Average radius (obtained from TEM) 4.0 nm 

The mass of BAPTES and peptide ligand molecules 
(quantified by total TGA % mass loss) 

32% × 2.434 mg (Sample size used for TGA)  
= 0.779 mg BAPTES + Peptide ligand 

The mass of peptide ligand molecules (quantified by 
TGA % mass loss (i.e. 26%) compared to NP-

BAPTES), m 
6 % × 2.434 mg (Sample size used for TGA)  

= 0.146 mg peptide 

Total number of peptide ligand molecules = 
𝑚
𝑀𝑊

×𝑁: 
where MW, ligand molecular weight; 𝑁:, 

Avogadro’s number (6.022 × 10NO >1P30QP3R
>>1P

	) 

0.146	𝑚𝑔	𝑝𝑒𝑝𝑡𝑖𝑑𝑒

1742.89	 	𝑚𝑔𝑚𝑚𝑜𝑙
× 6.022 × 10NO

𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠
𝑚𝑚𝑜𝑙

 

 
= ~ 5.046 × 10e|	𝑝𝑒𝑝𝑡𝑖𝑑𝑒	𝑚𝑜𝑙𝑒𝑐𝑢𝑙𝑒𝑠 

The total mass (M) of NPs in TGA sample 
2.434	𝑚𝑔	𝑠𝑎𝑚𝑝𝑙𝑒 − 0.779	𝑚𝑔	𝐵𝐴𝑃𝑇𝐸𝑆

+ 𝑝𝑒𝑝𝑡𝑖𝑑𝑒 
= 1.655	𝑚𝑔	𝑁𝑃𝑠 

The total volume (V) of NPs from TGA sample 
p𝜌 = r.ef	E

0>% s V= M/	𝜌 ; 3.195 × 10-4 cm3 

The volume (v) of a single NP 𝑣 = 	 u	
v
𝜋	(4 × 10xy𝑐𝑚)v= 2.68 × 10-19cm3 

Total # of particles from TGA sample: z
{
=v.e}y	×	eO

&'	~�%

N.|f	×	eO&()~�%= 1.191×1015 NPs 

# of peptide ligands per NP ~42 
SA (total surface area) N × 	4𝜋𝑟N 2.396 × 1017 nm2 

# of peptide ligands per nm2 ~0.2 

µmol peptide ligands per mg of nanoparticle ~0.034 µmol peptide/mg of NP 
 
2.3. Pages 4-6, Figure 1: Because NP-Ctrl and NP-Pep contain reactive sites that have not been quenched 
with an exogenous thiol (e.g. glutathione or Cysteine) after the conjugation reaction, it is possible that 
BAPTES could react with Cys-containing proteins or other compounds downstream. Please comment. 
 
Response: We thank the Reviewer for raising this concern. We would like to clarify that the peptide 
coupling reaction with BAPTES via the allene carboxamide chemistry requires elevated pH (8.0-9.0) for 
effective coupling. In the enrichment experiments performed at buffered physiological pH, the efficiency 
for potentially coupling to Cys-containing proteins or other Cys-containing compounds should be reduced, 
so this should not be a significant concern. Furthermore, our data did not suggest that nonspecific protein 
binding or reduced cTnI enrichment performance were a result of unquenched reactive sites, as the NP-Ctrl 
bound minimal proteins in all enrichment trials. As shown in Figs. 2-3 and Supplementary Figures 15-16 
and 18-21, the NP-Ctrl and NP-Pep demonstrate good resistance to nonspecific protein binding in both 
tissue and serum protein mixtures, without requiring additional quenching steps. However, we do thank the 
Reviewer for the excellent suggestion, and we believe that future studies can further explore additional 
capping or quenching of unbound reactive sites to reveal their effects on downstream enrichment 
performance or nonspecific protein accumulation. 
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2.4. Figure 1: The DCM/water biphasic analysis is interesting. Did the authors perform a mock reaction 
first with NP-BAPTES or added it after being vacuum dried (in which case it is not a fair comparison with 
NP-Pep). 
 
Response: To clarify the dichloromethane/water biphasic photos, the coupling reaction with peptide was 
not carried out in situ in such biphasic mixture. The intent is to contrast the dispersibility of the two type of 
NPs (NP-BAPTES and NP-Pep) side-by-side. Using the same fresh NP-BAPTES batch, one set of the as-
synthesized NP-BAPTES was placed in the DCM/water biphasic mixture (the vial on the left) and the other 
set with equal amount of NPs was separately peptide-coupled then added into another vial containing the 
DCM/water biphasic mixture (shown for the vial on the right). Now we realize that there could be 
misunderstanding and confusion about these comparison photos, therefore, we have revised Fig. 1h to 
remove the “peptide coupling/1h” arrow in the middle, and revised the caption of Fig. 1h in the main text 
(page 6): “Photographs of functionalized NPs in a biphasic mixture of dichloromethane (CH2Cl2) and water 
(H2O), comparing the solvent compatibility of the NP-BAPTES and the NP-Pep. The NP-BAPTES are 
dispersible in dicholoromethane but the NP-Pep are stable and dispersible in water. The displayed NP-Pep 
and NP-BAPTES originated from the same synthetic batch.” 
 
2.5. Pages 8-9, Figure S12: The SDS-PAGE with SYPRO showed depletion of nonbinding proteins through 
loading, flow through, and eluate. However, the enrichment could have been better demonstrated with 
ELISA instead of MS peak abundance. 
 
Response: We thank the Reviewer for the constructive comments. We have additionally demonstrated the 
enrichment using ELISA (new Supplementary Figure 27, page S35) and provided new information on the 
enrichment (response 1.6.). Importantly, we would like to clarify that quantitative enrichment performance 
analysis can indeed be performed by top-down LC/MS. Lin et. al.6 have previously demonstrated that top-
down LC/MS can be used to reliably quantify protein expression and relative protein concentrations across 
different samples by extracted ion chromatogram (EIC) analysis when normalizing LC/MS sample loading 
to the total protein amount present in a mixture (e.g., 500 ng in the current example, Supplementary 
Methods). We would like to also note that by top-down LC/MS analysis, we show simultaneous 
quantification of cTnI relative abundance with additional molecular insights to changes in relative 
proteoform levels as well as any protein post-translational modifications (PTMs), which is not possible with 
ELISA. Furthermore, we would like to emphasize that while ELISA is useful at quantifying the amount of 
cTnI before and after enrichment, the SDS-PAGE and top-down LC/MS analysis reveal additional 
important information related to global protein abundance changes and highlight the impressive resistance 
to nonspecific serum proteins (such as human serum albumin; HSA) that these NP-Pep feature (Fig. 3 and 
Supplementary Figures 18-21).  
 
2.6. Page 8: “NP-BAPTES functionalized with a negative-control peptide containing alanine substitutions 
to reduce cTnI-binding affinity” - however there are more amino acid substitutions to the control peptide 
than just alanine. It is unclear what was the rational for the other changes. 
 
Response: We thank the Reviewer for raising this concern. Our selection of this ‘negative-control’ peptide 
sequence is taken from the work by Xiao et. al., in which the authors demonstrate that this particular 
‘negative-control’ sequence yielded diminished affinity towards cTnI22. We agree with the Reviewer’s 
point that this negative-control peptide sequence contains residue changes beyond just alanine substitutions. 
Although not explicitly detailed in the previous study, the additional residue changes may have been made 
to alter the secondary structure of the negative-control sequence to have less favorable interactions with 
cTnI. We have clarified the description of the negative-control peptide in the main text (page 8) and in 
Supplementary Figure 13 by removing the mention of just “alanine substitution” and instead referencing 
the previous study, as follows: “NP-BAPTES functionalized with a negative-control peptide22 to reduce 
cTnI-binding affinity”. 
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2.7. Page 9, Figure 2, Figure S12, Table S3 (and elsewhere): It appears proteoforms were identified using 
only accurate intact mass measurements on a Q-TOF. While this approach allows for increased sensitivity, 
it obviously has limitations and would have to supplemented by MS/MS to e.g. inform on the site of 
phosphorylation (other PTMs). Did authors attempt to perform MS/MS measurements? Did they detect any 
novel proteoforms in comparison to prior art? Some discussion around these topics would have been 
helpful. 
 
Response: We thank the Reviewer for raising this concern. Following the Reviewer’s suggestions, we have 
performed MS/MS analysis on the detected cTnI proteoforms and we have included a summary of the 
analysis as a new Supplementary Figure 29 (page S37, also reproduced below). We have also added 
additional details of the MS/MS analysis in the main text (page 17): “Tandem MS/MS analysis of the 
detected serum cTnI proteoforms were used to validate proteoform assignments across the various heart 
pathologies (Supplementary Figure 29)”. To clarify, we did not detect any novel cTnI proteoforms in 
comparison to prior art. The current work did not seek to reveal new cTnI PTMs, rather we aimed to develop 
a new technology capable enriching cTnI from serum while globally preserving all endogenous cTnI 
proteoform and their relative abundances with no artifactual modifications. This proteoform-resolved 
technology holds promise for potentially revealing new cTnI PTMs or establishing previously unknown 
proteoform-pathophysiology relationships cTnI proteoforms in future studies. The new Supplementary 
Figure 29 is shown below: 
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Supplementary Figure 29 
Top-down LC-MS/MS characterization of cTnI arising from the various biological samples after 
enrichment.  
a-c, Representative CID fragment ions obtained from cTnI arising from the donor heart (y76

13+, y209
30+, b86

12+, 
and b155

21+), the diseased heart (y76
12+, y42

7+, b31
5+, and b86

12+), and the post-mortem heart (y76
8+, y51

9+, b86
14+, 

and b31
5+) sources. cTnI was found to be primarily in its bis-phosphorylated state in the donor heart (ppcTnI; 

Ser22, and Ser23), unphosphorylated state in the diseased heart (cTnI), and in a proteolytically degraded 
form in the post-mortem heart (cTnI[1-206]). Theoretical ion distributions are indicated by the red dots and 
mass accuracy errors are listed for each fragment ion. d-f, Protein sequence fragmentation mapping of the 
specific proteoform of cTnI corresponding to the fragment ion data obtained from each cTnI source (a-c). 
CID fragmentations are shown as red cleavages. All matched sequences contained N-terminally acetylated 
cTnI proteoforms following Met exclusion. Amino acid sequence was based on the entry name 
TNNI3_human obtained from the UniProtKB sequence database. 
 
2.8. Page 12, Figure 3: Comparing the nanoparticles to agarose and NP-Pep to Agarose-mAb is not a fair 
comparison. A better comparison would have been dynabeads linked to the mAb or peptide. That would 
strengthen the argument that nanoparticles are superior other particles (page 3), and that the peptide is 
better than the mAb.  
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Response: We thank the Reviewer for the critical comments. While we did not test the difference between 
our nanoparticles versus Dynabeads in the current work, our choice to compare the NP-Pep to the 
conventional agarose-based platform was due to agarose’s wide commercial availability and its well-
established history for general affinity purification for biological systems32. For the purposes of the current 
study, we believe that the comparison to the agarose platform is useful as a baseline metric of enrichment 
performance and is informative to demonstrating the general utility of the NP-Pep platform. Moreover, by 
coupling the same cTnI-binding peptide as well as additional cTnI-binding mAb to the agarose platform 
(Agarose-Pep and Agarose-mAb, respectively), we were able to examine the effects of affinity ligand 
choice and material choice on enrichment performance when compared to our surface-functionalized 
nanoparticles.  

Our tissue and serum enrichment data demonstrated that the Agarose-Pep and Agarose-mAb 
yielded similar cTnI enrichment performance (Fig. 3 and Supplementary Figures 17-19). Our major 
finding was that only the nanoparticles surface-functionalized with the newly synthesized BAPTES 
molecule demonstrated impressive resistance to nonspecific binding of highly abundant serum proteins, 
which was not found to be due to the choice of affinity reagent. In this case, we feel that the aforementioned 
comparison of the nanoparticles to the agarose platform is fair. For reference, Thermo’s Dynabeads also 
compare to agarose platforms as a benchmark for their immunoprecipitation products and they recommend 
pre-blocking with bovine serum albumin (BSA) or addition of non-ionic surfactants (such as Tween 20 or 
Triton X-100) to reduce nonspecific protein binding (https://www.thermofisher.com/us/en/home/life-
science/protein-biology/protein-assays-analysis/immunoprecipitation/immunoprecipitation-faqs-
dynabeads-magnetic-beads.html#6). Our NP-Pep neither requires neither the use of surfactants, which can 
significantly suppress protein MS signal33-35, nor any pretreatment with other additives, such as BSA 
blocking, to enable its impressive resistance to nonspecific binding. Although enrichment performance 
comparisons to other particle systems may also be informative and can potentially further reveal the 
performance of the NP-Pep system across multiple platforms, we feel that this is not essential for 
publication especially during the current COVID-19 pandemic. 

To further clarify, we did not argue that the “peptide is better than the mAb” for cTnI enrichment 
performance. However, there are distinct advantages to the peptide-based approach that our data highlight: 
(1) similar enrichment performance was seen between the Agarose-mAb and Agarose-Pep platforms in 
both tissue and human serum enrichment experiments; (2) the peptide is more reproducible because it is a 
short-chained molecule as opposed to an intact protein (mAb); (3) short peptides are more economical than 
mAbs. This current work exploits such beneficial features of this peptide to introduce a new technology for 
dramatically improving the capture and detection of proteins directly from serum, beyond the use of 
conventional immuno-based techniques. 

Additionally, we have toned down the statements on the utility of nanoparticles on page 3 and have 
replaced “ideal” with “highly effective”, as follows: “Nanoparticles (NPs) are highly effective for such 
sensitive and specific proteoform enrichment because: …”. Furthermore, we have changed the sentence of 
“Thus, these NPs can serve as antibody replacements … in general” in the conclusions section of the main 
text (page 19) to the following: “Thus, these NPs can serve as replacements to conventional immuno-based 
techniques … in general”. We believe that these changes should justify our comparisons of the NP-Pep to 
the agarose-platform and improve the clarity of the manuscript overall. 
 
2.9. Tables S3 and S4: ppcTnI[1-206] should be ppcTnI[1-207] based on the listed observed mass. This 
would be consistent with Figure S12. 
 
Response: We thank the reviewer for the careful reading. We have revised the caption on Supplementary 
Tables 3,4 (now Supplementary Tables 5 and 6, respectively) to be consistent with Supplementary 
Figure 12 (now Supplementary Figure 13).  
 
2.10. Page15, line 319: should it be 0.006 ng/mL (instead of 0.06 ng/mL)? 
 
Response: We thank the Reviewer for raising the concern. Although our data shows that the mass 
spectrometer is capable of reliable detection of cTnI as low as 0.006 ng/mL, the number 0.06 ng /mL was 
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obtained by a LOD analysis using a 3.3 σ/s cutoff. To further clarify, we have revised the sentence in the 
main text (page 16), as follows: “Top-down RPLC/MS with a CaptiveSpray (CS) ionization source fitted 
to a maXis II ETD mass spectrometer was sufficiently sensitive to detect cTnI with a LOD (3.3 σ/s) as low 
as 0.06 ng/mL (Fig. 3e, Supplementary Fig. 25)”. 
 
2.11. Figure S21 shows the amount of cTnI as a function of concentration (ng/mL) except in (d) where it’s 
portrayed as amount (ng). The legend mentions loading as a function of concentration as well, but without 
knowing the volume loaded it’s not possible to derive the estimated total cTnI loaded onto the LC column. 
A table shows the calculated and observed masses of ppcTnI as 24063.7 Da, however these masses are 
inconsistent with (b) of the same figure and the tables in the supplemental.  
 
Response: We thank the reviewer for this comment. We have corrected the labeling in panel (c) and table 
(d) of Supplementary Figure 21 (now Supplementary Figure 25) to be “cTnI Amount (ng/mL)”. To 
clarify, Supplementary Figure 25 reports masses as the monoisotopic masses of ppcTnI. In this case, the 
table (d) the panel (b) are consistent. In the supplemental tables, we reported ppcTnI using most abundant 
masses and this report is consistent with the specific data presented in Fig. 2e. 
 
2.12. Figures S22-23: The 32+ charge state of ppcTnI portrayed in figure S22 is inconsistent with the 32+ 
charge state portrayed in figure S23, although it appears figure 22 has the correct m/z. The entire m/z axis 
of figure 23 is confusing as it skips between 0.5 m/z and 5 m/z steps. 
 
Response: We thank the reviewer for the careful reading. Moreover, we thank the Reviewer for the positive 
and careful evaluation, and critical but insightful comments, which helped to significantly improve this 
manuscript. The 32+ charge state of ppcTnI portrayed in Supplementary Figure 22 (now Supplementary 
Figure 26) is indeed correct. The m/z axis was mislabeled on Supplementary Figure 23 (now 
Supplementary Figure 28) and has been corrected in the newly revised Supplementary Figure 28. 
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Reviewer #3 (Remarks to the Author): 
 
Thanks for the opportunity to review this methodological manuscript. The paper is well-written, well-
organized, well-illustrated, properly referenced and novel. 
 
In this work, a multidisciplinary team of chemists, and cell & molecular biologists, presents a nanoparticle-
based preparatory method for selectively, sensitively and consistently detecting an exemplary protein of 
clinical interest, cardiac Troponin I (cTnI). 
 
The premise of the work relates to the longtime-, well-known- problem of plasma or serum proteome 
assessment that is due to the large dynamic range of proteins in terms of concentration and the dominance 
of the measurable proteome by such high molecular weight entities as circulating albumin. Regardless of 
our awareness of this issue, approaches thus far have not solved the problem. 
 
The improvement of pre-MS preparation, beyond the use of immuno-based techniques for selection of 
certain proteins has long been needed. Thus, the nano-proteomic strategy to detect and quantitate 
proteoforms like those of cTnI is of considerable interest and potential. 
 
My assessment of the technology is very high level. It appears logical and valid. The experimental replicates 
and the reliance on three different types of human heart muscle samples allows comparison of normal with 
disease state tissues using this methodological workflow. 
 
The figures illustrate the nature of each experiment well, interpretable by a non-expert. 
 
Response: We thank the Reviewer for the extremely positive and gracious remarks. 
 
A few questions which if answered and with answers intercalated into the paper should add a little value; 
they are as follows: 
 
3.1. Is it assumed that the approach used for cTnI would/will work for the other troponins? Will it work for 
other low abundance proteins in plasma or serum like cytokines, growth factors, etc.? Please elaborate the 
basis of this belief? If other low abundance proteoforms could be assessed, what would be the hurdles for 
doing so that are not covered by the work that you present here?  
 
Response: We thank the Reviewer for these comments. We expect that the described approach can be 
generally applied for enriching the other troponins or even other low-abundance plasma/serum proteins of 
interest, such as cytokines or growth factors, provided the NPs are functionalized with a suitable affinity 
reagent. As mentioned in our initial response to Reviewer 2 (vide supra), with the exciting recent advances 
in phase display libraries21, in silico techniques22, and the progress that aptamers/affimers have made largely 
owing to advancements in high-throughput methods for systemic evolution of ligands by exponential 
enrichment (SELEX)23,24, the design and selection of high quality affinity reagents for targeted protein 
analysis is more accessible than ever before. An advantage of our nanoproteomics strategy is the modular 
nature of the nanoparticle surface-functionalization chemistry, which can allow alternative affinity reagent 
coupling, with slight modifications. However, there are greater challenges that involve the capture of low-
abundance proteoforms in general. Designing effective affinity reagents that can globally capture protein-
specific PTMs or isoforms has historically been challenging for the immuno-based approach36. This 
nanoproteomics strategy represents the first platform capable of comprehensive capture and analysis of 
cTnI proteoforms with complete molecular specificity. Nevertheless, the high sensitivity of mass 
spectrometers still needs to be improved to achieve LODs comparable to current ELISAs. We envision the 
recent advances in mass spectrometry instrumentation, such as Bruker’s new TIMs-TOF37 and Thermo’s 
Orbitrap Tribrid Eclipse38, will help improve sensitivity. As the top-down proteomics field continues to 
experience its rapid growth, we anticipate a rise in new and enabling instrumentation and robust affinity 
reagents to address the mentioned challenges16,39.  
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3.2. What is the practicability of the nano-proteome strategy versus immuno-strategies in terms of time, 
various costs, and broader applicability for the detection of other low abundance proteoforms? 
 
Response: We thank the Reviewer for raising these questions. While ongoing nanoproteomics efforts are 
focused on enabling higher sample throughput by automation and analyzing other classes of low-abundance 
proteins, we believe that our nanoproteomics strategy already holds significant advantages over the 
traditional immuno-strategies. With regards to cost, because peptides can be synthesized at a large scale 
using solid phase peptide synthesis, the  cost per µmol of cTnI peptide (~$4 /µmol peptide; using GenScript 
as a specific commercial example used in this study) is significantly less than the cost per µmol of 
monoclonal cTnI antibody (~$200,000/ µmol mAb; Santa Cruz Biotechnology chosen as specific 
commercial example used in this study). Additionally, we have previously demonstrated our ability to 
surface-functionalized iron oxide nanoparticles reproducibly and in large scales, which further aids in 
platform development40. In terms of the broader applicability of the nanoproteomics strategy for the 
detection of other low-abundance proteoforms, please refer to our response to the previous question (3.1). 
We anticipate this nanoproteomics strategy will be generally applicable to the proteoform-resolved analysis 
of low-abundance proteins directly from serum and we will expand this nanoproteomics strategies for other 
low-abundance proteoforms of significant biological interest. 
 
3.3. While this nano-proteomic technique appears sensitive, reproducible, etc., will it be so when plasma 
or serum from patients with different levels of blood lipids, blood sugar, etc., are encountered? 
 
Response: We appreciate this important comment. As a follow-up study, we are currently developing a 
clinical pilot study where we will use this nanoproteomics strategy to analyze cTnI proteoforms found in 
clinical blood samples from patients with acute myocardial infarction compared to an apparently healthy 
control group. In this future work, our focus is to appreciably understand the variables of sample quality 
(hemolysis, lipemia) or common clinical interferents in the detection of cTnI from human blood samples 
using this nanoproteomics strategy. 
 
3.4. What is the value of showing the different nano-proteoforms between the three hearts that were 
studied? Do you have any insight as what those apparent differences might mean? Please elaborate. 
 
Response: We thank the Reviewer for this comment. The selection of the six different heart samples (which 
comprise a group of three specific cardiac pathologies including apparently healthy, dilated 
cardiomyopathic, and post-mortem) are meant to simulate the broad differences in the relative abundance 
of endogenous cTnI proteoforms that are likely to arise in clinical patient samples41,42. Circulating cTnI has 
been demonstrated to exist in myriad (e.g., phosphorylated, acetylated, oxidized, truncated, etc.) which have 
been shown to reflect cardiac disease status18,43,44. However, immuno-based detection approaches such as 
ELISA are unable to distinguish these circulating proteoforms, leaving researchers devoid of reliable 
technologies for probing endogenous cTnI at the proteoform-resolved level.  

This nanoproteomics strategy is capable of solving these challenges by sensitively enriching low-
abundance cTnI proteoforms directly from human serum, while also preserving endogenous cTnI 
proteoform relative abundances and cTnI PTM profiles without artifactual modifications (Fig. 2-3 and 
Supplementary Figure 24). Following the Reviewer’s comments, we have added a new sentence in the 
main text (page 17) that details the broader significance of detecting cTnI proteoforms with respect to 
different and specific cardiac disease states: “Altered PTM profiles of cTnI are associated with dysregulated 
cellular signaling during the onset and progression of diseases, thus disease-induced cTnI proteoforms are 
believed to have the potential to serve as the next generation cardiac biomarkers for diagnosis of specific 
cardiovascular syndromes18,45,46”. 
 
3.5. When you do the spike-in experiments, which cTnI do you use? Why? Would a different source impact 
your results? Overall, how do you assure specificity of what you are measuring (realizing the problems of 
specificity that exist with immuno-pre-MS techniques? 
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Response: We thank the Reviewer for these important comments. To clarify, in our spike-in experiments, 
we used endogenous cTnI obtained from clinical human cardiac tissue samples to simulate cTnI 
proteoforms that may exist in human serum samples. Specifically, as mentioned in the previous response 
3.4 (vide supra) the selection of the six different heart samples, comprising specific cardiac 
pathophysiology including apparently healthy (non-failing donor heart without known cardiac disease), 
diseased hearts (dilated cardiomyopathy), and post-mortem hearts (which provides a large number of cTnI 
proteoforms including phosphorylation, degradation and oxidation)46, were chosen to simulate the rich 
diversity of endogenous cTnI proteoforms that are likely to arise from clinical patient samples41,42. Since 
circulating cTnI released at the onset or during the progression of cardiac injury originates from 
cardiomyocytes, spike-in endogenous cTnI obtained from cardiac tissues better simulates the enrichment 
of endogenous cTnI proteoforms that may be found in clinical patient plasma/serum samples, as opposed 
to spike-in recombinant cTnI.  

With regards to assuring specificity of our nanoproteomics strategy, we take advantage of top-down 
proteomics analysis enabled by high-resolution MS systems to provide unambiguous and highly accurate 
measurements of cTnI proteoforms. Such an integrated top-down MS approach holds significant advantages 
over existing immuno-based techniques: (1) top-down MS is capable of revealing cTnI proteoforms with 
total molecular specificity, providing a “bird’s eye” view of all detected proteoforms; (2) this 
nanoproteomics strategy, unlike existing immuno-based platforms, is highly specific due to the integration 
of a high specificity cTnI-binding peptide with top-down MS for highly accurate measurement, and yields 
a faithful and global view of diverse cTnI proteoform fingerprints arising from various PTMs of serum-
enriched cTnI; (3) this nanoproteomics strategy is highly reproducible owing to its small peptide-based 
biorecognition element, the reproducible serum cTnI enrichment performance, and the scalable and 
reproducible surface-functionalized nanoparticles synthesis. 
 
3.6. Will this advanced technique ever have clinical relevance? Please explain how and likely when? What 
are the hurdles? 
 
Response: We thank the Reviewer for raising this important question. In our efforts to further the 
application of this technology for accurate diagnosis of cardiovascular syndromes and eventually translate 
this technology into the clinic, we are discussing potential collaborations with instrumentation companies 
such as Thermo Fisher Scientific, to develop high-throughput mass spectrometers designed specifically for 
sensitive cTnI detection. We are currently establishing a new clinical pilot study (n = 50 patient samples, 
which unfortunately was delayed due to the COVID-19 pandemic) to analyze cTnI proteoforms found in 
clinical patient samples with AMI compared against apparently healthy patients, with the ultimate goal of 
identifying cTnI proteoform biomarkers that can be further validated in a larger human cohort. While we 
believe that the discovery of a putative set of proteoforms can be enabled by this nanoproteomics strategy, 
we expect that validation of these proteoforms across a large human cohort is necessary to understand the 
influence of common co-morbidities and other known convoluting variables such as age and gender47,48. 
This study is mainly focused on technology development and future efforts will be dedicated on improving 
sample-throughput and sensitivity to ensure that this technology becomes clinically relevant, and that mass 
spectrometers will become commonplace in hospitals for clinical diagnosis of cardiovascular syndromes. 
 
Thanks for the privilege of reviewing this paper. 
 
Response: We again thank the Reviewer for the positive and insightful comments. 
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The authors have adequately addressed all the reviewers’ comments. Nitpicky detail but for 

completeness, they should provide experimental details for obtaining top-down tandem mass 

spectra (Supplementary Figure 29). 
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The authors have addressed the reviewer’s comments. The reviewer recommends the acceptance of this 
well-revised manuscript. 
 
Response: We are grateful to the Reviewer for the highly positive comments. 

Reviewer #2 (Remarks to the Author): 
 
The authors have adequately addressed all the reviewers’ comments. Nitpicky detail but for completeness, 
they should provide experimental details for obtaining top-down tandem mass spectra (Supplementary 
Figure 29). 

Response: We thank the Reviewer for the constructive comments. Following the Reviewer’s 
suggestion, we have added experimental details in the Methods for obtaining top-down tandem mass 
spectra (new Supplementary Figure 30): “For the targeted collision-induced dissociation (CID) LC-
MS/MS analysis shown in Supplementary Fig. 30, the collision energy was varied from 18V to 30V 
and the quadruple low mass was set to 500 m/z with a scan range of 200 to 3000 m/z. The total ion 
current (TIC) corresponding to all obtained MS/MS signal was averaged across the LC retention 
window corresponding to cTnI, and the averaged MS/MS data was then directly imported into 
MASH Explorer for proteoform identification and sequence mapping.” 

 


