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Figure S1. Surfactant-induced fluorescence change of ssDNA-SWCNTs incubated with protein. Near-infrared (nIR) spectra of 5 
μg/mL (GT)6-SWCNTs before (black) and after (red) addition of 0.5% (w/v) SDBS. (b-c) nIR spectra of 5 μg/mL (GT)6-SWCNTs incu-
bated with 40 μg/mL (b) albumin or (c) fibrinogen for 40 min before (black) and after (red) addition of 0.5% (w/v) SDBS. Change in 
(d) (7,6) SWCNT wavelength of peak emission and (e) integrated fluorescence intensity (800-1400 nm) observed 1 min after addition 
of SDBS (N = 3). Nanosensor excitation was with 721 nm light. 

 

 

Figure S2. Effect of Cy5 tag location on ssDNA adsorption and protein-induced desorption. (a) Cy5 fluorescence tracking of 0.4 μM 
3’- or internal-Cy5 tagged (GT)6 ssDNA added to 5 μg/mL unlabeled (GT)6-SWCNT. (b) Cy5 fluorescence tracking upon addition of 
160 μg/mL fibrinogen, 3 h post-incubation with (GT)6-Cy5. Error bars represent standard error between experimental replicates (N 
= 3). 
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Figure S3. Effect of Cy5 ssDNA tag on protein adsorption. Quenching of FAM-protein upon addition of 40 μg/mL (a) FAM-HSA or (b) 
FAM-FBG to 5 μg/mL (GT)6-Cy5-SWCNTs or (GT)6-SWCNTs. Error bars represent standard error between experimental replicates (N 
= 3). 

 

 

Figure S4. Polyacrylamide gel electrophoresis (PAGE) to quantify purification of labeled FAM-protein solutions. 12% acrylamide 
(total monomer) gel images of FAM-labeled (a) albumin (FAM-HSA) and (b) fibrinogen (FAM-FBG) post-purification to assess amount 
of free FAM remaining.  
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Table S1. Quantification of free FAM remaining in labeled FAM-protein solutions. Molar percentages of FAM-protein and free 
FAM are calculated based on gel band intensity and protein degree of labeling for (a) FAM-HSA and (b) FAM-FBG. 

a 
   

b 
  

Sample Band ID Mole %  Sample Band ID Mole % 

FAM-HSA, 1x pure FAM-Protein 69.7%  FAM-FBG, 1x pure FAM-Protein 70.5% 

 FAM 30.3%   FAM 29.5% 
FAM-HSA, 2x pure FAM-Protein 67.8%  FAM-FBG, 2x pure FAM-Protein 86.2% 

 FAM 32.2%   FAM 13.8% 
FAM FAM 100.0%  FAM FAM 100.0% 

 

 
Figure S5. Fluorescence offset due to free FAM binding to SWCNT surface. FAM NHS ester was injected into solution with or without 
SWCNTs to quantify free fluorophore binding to the SWCNT. Free FAM concentrations tested were calculated based on molar per-
centage of free fluorophore at FAM-HSA or FAM-FBG concentrations between 0 and 100 µg/mL. Fluorescence offset was calculated 
as the difference between FAM fluorescence in the presence and absence SWCNTs. Offset is incorporated for all data conversion 
from fluorescence to concentration. Error bars represent standard deviation between technical replicates (N = 3). 

 

 

Figure S6. Desorption of ssDNA-Cy5 from SWCNT induced by FAM-labeled vs unlabeled protein. Dequenching of (GT)6-Cy5 due to 
desorption from SWCNT upon addition of 40 μg/mL FAM-protein or unlabeled protein. Error bars represent standard error between 
experimental replicates (N = 3).  
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Figure S7. Native polyacrylamide gel electrophoresis (PAGE) to quantify ssDNA and protein exchange. Incubation of (a) FAM-HSA 
or (b) FAM-FBG proteins with (GT)6-Cy5-SWCNTs for 1 h (final concentrations 5 μg/mL of (GT)6-Cy5-SWCNTs with 40 μg/mL of either 
FAM-HSA or FAM-FBG). Quantification of concentration via fluorescence for (c) Cy5 bands (red) and (d) FAM bands (green). 

 

 

Figure S8. Conversion of fluorescence to concentration. Standard curves correlating fluorescence to fluorophore-labeled entity 
concentration for (a) Cy5-labeled (GT)6 and (b) FAM-labeled proteins, FAM-HSA and FAM-FBG. Error bars represent standard devi-
ation between technical replicates (N = 3).  
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Table S2. Full kinetic model fit parameters and mean relative errors (MREs). 

Protein Concentration 
(μg/mL) 

k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

MRE  
protein 

MRE 
ssDNA 

Albumin 

5 1.54E-06 8.40E-06 9.44E-06 5.9E-03 364.60 1.21% 0.25% 

10 1.41E-06 1.18E-05 7.86E-06 8.1E-03 525.60 0.83% 0.90% 

40 1.10E-06 1.34E-05 8.87E-06 1.1E-02 514.26 0.35% 3.01% 

60 1.22E-06 2.07E-05 9.34E-06 1.2E-02 483.76 0.41% 2.53% 

Fibrinogen 

40 1.15E-06 4.27E-05 1.38E-05 2.6E-03 619.82 4.71% 2.96% 

60 2.18E-06 6.64E-05 1.69E-05 3.7E-03 485.72 2.98% 3.47% 

80 2.09E-06 7.65E-05 1.48E-05 5.4E-03 562.90 1.37% 4.14% 

160 2.30E-06 9.09E-05 1.18E-05 9.2E-03 617.74 0.74% 4.74% 

 
 

Table S3. Sensitivity analysis in kinetic fitting and resultant optimized initial conditions. 

 k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

Range of Initial Conditions 
Tested 

1.0E-03 1.0E-02 1.0E-03 1.0 1000 

1.0E-04 1.0E-03 1.0E-04 0.1 100 

1.0E-05     

Albumin 
Optimized Initial Conditions 1.0E-04 1.0E-02 1.0E-03 1.0 100 

Fibrinogen 
Optimized Initial Conditions 1.0E-04 1.0E-02 1.0E-04 0.1 100 

 
 

 
Figure S9. Full kinetic model fit parameters as functions of added protein concentrations. Fit parameters of (a) k1 (ssDNA adsorption 
rate constant), (b) k2 (ssDNA desorption rate constant), (c) k3 (protein adsorption rate constant), (d) k4 (protein desorption rate 
constant), and (e) [*]T (total SWCNT surface site concentration) for HSA in the top row and (f-j) the respective values for FBG in the 
bottom row. 
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Figure S10. Kinetic model of competitive exchange between ssDNA and protein on SWCNTs fit to fluorescence data to extract rate 
constants, with constrained SWCNT surface site concentration. Fraction of (a) (GT)6-Cy5 ssDNA and (b) FAM-labeled albumin (FAM-
HSA) protein free in solution for varying concentrations of FAM-HSA injected into 5 μg/mL (GT)6-Cy5-SWCNT solution. Fraction of 
(c) (GT)6-Cy5 ssDNA and (d) FAM-labeled fibrinogen (FAM-FBG) protein free in solution for varying concentrations of FAM-FBG 
injected into (GT)6-Cy5-SWCNT solution. Star data points represent initial conditions used for solving model differential equations. 
Curves were fit with constrained [*]T per protein. Error bars represent standard error between experimental replicates (N = 3). 
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Table S4. Full kinetic model fit parameters and mean relative errors (MREs) for fitting with constrained SWCNT surface site con-
centration. 

Protein Concentration 
(μg/mL) 

k1 
(mL μg-1 s-1) 

k2 
(s-1) 

k3 
(mL μg-1 s-1) 

k4 
(s-1) 

[*]T 
(μg mL-1) 

MRE  
protein 

MRE 
ssDNA 

Albumin 

5 1.47E-06 9.58E-06 8.74E-06 6.41E-03 

429.69 

1.24% 0.37% 

10 1.38E-06 9.25E-06 9.92E-06 8.29E-03 0.84% 0.63% 

40 6.93E-08 2.18E-06 1.06E-05 1.11E-02 0.35% 1.83% 

60 1.35E-06 2.04E-05 1.06E-05 1.19E-02 0.41% 2.66% 

Fibrinogen 

40 8.51E-07 4.41E-05 9.73E-06 2.64E-03 

871.49 

4.76% 2.52% 

60 1.01E-06 5.91E-05 9.14E-06 3.74E-03 3.00% 4.06% 

80 1.19E-06 7.04E-05 9.34E-06 5.43E-03 1.38% 4.46% 

160 1.20E-06 7.22E-05 7.96E-06 9.03E-03 0.74% 5.64% 

 

 
Figure S11. Comparison of plasma- vs serum-induced effects on ssDNA-SWCNTs. (a) Change in 1200 nm fluorescence intensity of 5 
μg/mL (GT)6-SWCNTs, pre-incubated for 40 min with PBS, plasma, or serum normalized to 40 μg/mL total protein concentration, 
before and after addition of 200 μM dopamine (N = 3). Nanosensor excitation was with 721 nm light. (b) (GT)6-Cy5 fluorescence 
fold change upon desorption from 5 μg/mL SWCNTs induced by addition of plasma or serum, 40 μg/mL total protein concentration. 
Error bars represent standard error between experimental replicates (N = 3). 
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Figure S12. Adsorption of various fluorophore-tagged biomolecular species to ssDNA-SWCNTs. Adsorption of varying concentra-
tions of biomolecules (as listed in figure) to 5 μg/mL (GT)6-SWCNTs. (Column 1) Quenching of fluorophore-tagged biomolecules 
adsorbing to (GT)6-SWCNTs: (a) Cy3-RNA, (c) Cy5-phospholipid (DSPE-PEG(2000)-N-Cy5), and (e) eosin-peptoid ((Nae–Npe)9-(Nce–
Npe)9). (Column 2) Corresponding dequenching of fluorophore-tagged (GT)6 ssDNA desorbing from SWCNT surface: (b) (GT)6-Cy5, 
(d) (GT)6-FAM, and (f) (GT)6-Cy5. Error bars represent standard error between experimental replicates (N = 3). 
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Figure S13. Tracking competitive adsorption of two protein species onto SWCNT surface. (a) Adsorption of 20 μg/mL FAM-HSA to 5 
μg/mL (GT)6 SWCNTs tracked by FAM quenching in the presence of Cy5-conjugated FBG at 0, 80, and 160 μg/mL. (b-c) Comparison 
of Cy5-FBG adsorption in the presence and absence of 20 μg/mL FAM-HSA, with Cy5-FBG concentrations of (b) 80 μg/mL and (c) 
160 μg/mL. Error bars represent standard error between experimental replicates (N = 3). 
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SI MATERIALS AND METHODS 
S.1. PAGE to quantify ssDNA and protein exchange 

To validate the corona exchange assay, we performed polyacrylamide gel electrophoresis (PAGE) to quantify the unbound DNA and 
protein after 1-h incubation period of (GT)6-Cy5-SWCNTs with either FAM-labeled human serum albumin (HSA) or fibrinogen (FBG) 
proteins. FAM-proteins were incubated with (GT)6-Cy5-SWCNTs (final concentrations of 5 μg/mL of (GT)6-Cy5-SWCNT with 40 μg/mL 
of either FAM-HSA or FAM-FBG) for 1 h, then free protein and ssDNA were quantified by PAGE run according to the Ornstein-Davis 
protocol1 (adapted in Bio-Rad Mini-PROTEAN Tetra Cell manual). Samples were added to PAGE sample buffer (0.0625 M Tris-HCl, 
30% glycerol) in a 1:2 ratio of sample to buffer. 20 μL total sample volume was applied per well. PAGE separation was carried out 
in 1 mm vertical mini gel format (Bio-Rad Mini-PROTEAN Tetra Cell) with a discontinuous buffer system under native conditions. 
Gel composition was 8% acrylamide (total monomer), 0.375 M Tris-HCl, 0.05% APS, 0.05% TEMED for the resolving gel and 4% 
acrylamide (total monomer), 0.125 M Tris-HCl, 0.05% APS, 0.1% TEMED for the stacking gel. Electrode buffer was 25 mM Tris and 
192 mM glycine (pH 8.3). Separation was run with 200 V for 30 min, gels were extracted, and the FAM and Cy5 labels were visualized 
with a gel imager (Typhoon FLA 9500, 473 nm and 635 nm lasers for FAM and Cy5, respectively, General Electric) (Figure S7). FAM 
and Cy5 fluorescence intensities were quantified with ImageJ. Control PAGE experiments were done to validate that (i) all bands 
are resolvable on separate color channels and (ii) there are negligible interactions between proteins and ssDNA. The band structure 
for HSA run on native PAGE was confirmed by previous literature,2–4 therefore HSA bands were quantified by summing the 3 bands. 
FBG was quantified by the sole band that entered the gel. The uniform lower green band is accounted for by diffusion of the small 
free FAM molecule across the wells upon sample loading and prior to electric field turn-on (as confirmed by control gels). 
 
 

S.2. Biomolecule corona exchange assay 

Cy3-RNA: UUC CGU AUG UUG CAU CAC CTT (5’ Cy3-labeled custom RNA oligo with HPLC purification, Integrated DNA Technologies, 
Inc.). This particular RNA sequence was chosen because it serves as the antisense strand in a SWCNT-mediated plant delivery study.5 
Exchange was monitored with (GT)6-Cy5-SWCNTs. 

Cy5-phospholipid: 1,2-distearoyl-sn-glycero-3-phosphoethanolamine-N-[amino(polyethylene glycol)-2000]-N-(Cyanine 5), abbrevi-
ated DSPE-PEG(2000)-N-Cy5 (Avanti Polar Lipids, Inc.). This phospholipid was chosen because it has been previously used to func-
tionalize SWCNT for brain imaging applications.6 Exchange was monitored with (GT)6-FAM-SWCNTs. 

Eosin-peptoid: (Nae–Npe)9-(Nce–Npe)9): N-(2-aminoethyl) glycine (Nae) and N-(2-phenethyl) glycine (Npe) units, abbreviated (Nae–
Npe)9, and N-(2-carboxyethyl) glycine (Nce) and Npe, abbreviated (Nce–Npe)9.7 This peptoid sequence was chosen because it has 
been used to construct a SWCNT-based nanosensor.8 Exchange was monitored with (GT)6-Cy5-SWCNTs. 

 

SI CALCULATIONS 
S.3. Calculation of ssDNA-protein exchange energies on SWCNTs 
Calculation of ssDNA-SWCNT binding energy 
For this analysis, we use adsorption energies of nucleotides to SWCNTs from Johnson et al.’s solvent-explicit, all-atom MD simula-
tions of nucleotide hetero- and homo-polymers to SWCNTs.9 Individual nucleotide energies (Table S5) are used to calculate the 
total binding energy of (GT)6 ssDNA to SWCNTs as -166.0 kcal/mol. This total energy of (GT)6-SWCNT binding is in close agreement 
with values calculated from other sources by various methods: (i) Das et al.,10 calculated from density functional theory (DFT) and 
experimentally from isothermal titration calorimetry (ITC) (-149.4 kcal/mol) and (ii) Gowtham et al.,11 calculated from a first princi-
ples model (-114.8 kcal/mol) (Table S5). 
 

Table S5. Adsorption energies of individual nucleotide to SWCNTs. 

Nucleotide Energy (kcal/mol)9  Energy (kcal/mol)10 Energy (kcal/mol)11 
A -13.84 -11.30 -8.994 
G -14.99 -13.14 -11.30 

C -11.07 -6.918 -6.688 

T -12.68 -11.76 -7.841 
    

(GT)6 -166.0 -149.4 -114.8 
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Calculation of protein-SWCNT binding energy 
For the analogous protein-SWCNT binding energies, we use an approximate value of -10 kcal/mol per amino acid residue based on 
the following studies: (i) Shen et al.12 performed solvent-explicit MD simulations of human serum albumin (HSA) helices on SWCNTs, 
with an average of -13.51 kcal/mol per residue and (ii) DFT calculations of aromatic acids on SWCNTs reveal an average energy of 
~-10 kcal/mol per residue.13,14 
 
Exchange of ssDNA and protein on SWCNT 
We analyze the exchange of (GT)6 ssDNA, originally adsorbed on the SWCNT surface, to protein that will adsorb to an equivalent 
surface area on the SWCNT. The contact area of (GT)6 on SWCNTs has been previously determined by our lab via MD simulations 
as 2800 Å2

.
15 As an estimate for how many amino acid residues would occupy this same surface area, we use dimensions for protein 

beta sheets as a proxy for peptides adsorbing to SWCNTs. Lengthwise, beta sheet spacing is 3.25 Å per residue, therefore X residues 
occupy a length of 3.25*X Å. The lateral dimension is approximated as twice the residue’s variable R-group dimension, based on 
beta sheet geometry. Assuming aromatic residues primarily interact with SWCNTs (as determined previously in literature13,14,16 as 
well as our lab’s protein corona compositional studies), the average R-group lateral dimension is 5.69 Å, so 2*5.69 = 11.38 Å. Thus, 
contact area per residue is SAresidue = (3.25*X Å)*(11.38 Å) = 36.99*X Å2. For the (GT)6 surface area of 2800 Å2

, this translates to 75.71 
amino acids occupying the same surface area on the SWCNT surface. Thus, the total binding energy of protein to SWCNTs is 75.71*-
10 kcal/mol = -757.1 kcal/mol. This is in order-of-magnitude agreement with Lu et al.’s17 MD simulation of HSA adsorption to car-
boxylated-SWCNTs, with total energy ~-500 kcal/mol. 
 
We assume independent binding of ssDNA and protein to the SWCNT surface, as done with the corona exchange kinetic model. 
This assumption is also in agreement with the literature values, where the “initial” state is the SWCNT in solvent and the “final” 
state is bound ssDNA or protein to SWCNTs. We note that it is energetically unfavorable to expose the hydrophobic SWCNT surface 
to solvent, accounting for a positive unbinding energy (unfavorable; ssDNA removed from SWCNT surface) and a corresponding 
negative binding energy (favorable; protein added to SWCNT surface). Finally, the Gibbs free energy of exchange from ssDNA to 
protein on the SWCNT surface can be written as: 

 
∆𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 =  ∆𝐺𝐺𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 + ∆𝐺𝐺𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠−𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 

∆𝐺𝐺𝑒𝑒𝑒𝑒𝑒𝑒ℎ𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 = �−757.1 
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� + �+166.0
𝑘𝑘𝑘𝑘𝑘𝑘𝑘𝑘
𝑚𝑚𝑚𝑚𝑚𝑚

� = −𝟓𝟓𝟓𝟓𝟓𝟓.𝟎𝟎
𝒌𝒌𝒌𝒌𝒌𝒌𝒌𝒌
𝒎𝒎𝒎𝒎𝒎𝒎

   

 
This analysis emphasizes the energetically favorable displacement of ssDNA on the SWCNT surface by replacement with protein 
adsorption. This negative net change in free energy in favor of protein-SWCNT binding over ssDNA-SWCNT binding holds across a 
range of previously reported literature values. 
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