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compounds. Exhaled breath is one of 
the most accessible and zero-invasive 
samples to monitor human health and 
performance. For example, recent studies 
have demonstrated that analyzing the 
exhaled breath is practical for fast-diag-
nosing of COVID-19.[1,2] Volatile organic 
compounds (VOCs)[3–6] in the exhaled 
breath serve as performance-related bio-
markers providing rich information on 
human physiological/physical statuses[7–11] 
such as psychological stress and fatigue 
level. A miniaturized sensor is key to 
building a wearable sensing suite with 
the capability to monitor human breath. 
Conventional VOC detection tools are 
either bulky or non-selective. For example, 
gas chromatography–mass spectrometry 
(GC–MS) is accepted as a gold standard 
for measuring breath VOCs.[12–14] How-
ever, GC–MS is bulky due to its heating 
and vacuum systems and requires a long 
operation time due to the VOC sampling 

and separation process. Photo-ionized detectors (PIDs) are 
another commercial off-the-shelf, portable VOC sensors com-
monly applied to gas sensing.[15,16] These sensors (VOC-TRAQ, 
MOCON, Inc., Minneapolis, MN, USA) range their dimensions 

Carbon nanotube (CNT) chemiresistors have emerged as miniaturized plat-
forms for wearable volatile organic compound (VOC) sensors. As a prom-
ising biorecognition element (BRE), a short peptide can functionalize CNT 
to be sensitive and selective to target VOCs. However, unveiling the VOC-
optimized peptide-CNT pair for gas-phase sensing remains unclear. Here, 
a novel multimodal molecular toolset for designing, building, and probing 
suitable BRE-CNT sensors using machine learning, molecular dynamics, and 
near-edge X-ray absorption fine structure spectroscopy is presented. This 
computational and experimental suite predicts the peptide conformation on 
the CNT surface and probes how the peptide–CNT interfaces affect the VOC 
sensing. Then, peptide-functionalized CNT chemiresistors are tested against 
various VOCs to confirm the efficacy of the toolkit. The results show that the 
vertically oriented peptide on the CNT surface hinders VOC access to the 
peptide–CNT interface, resulting in a significantly lower sensor signal than 
the CNT chemiresistor with the horizontally oriented peptide. The interac-
tive computational and experimental results strongly indicate that a peptide 
conformation plays an important role in VOC sensing sensitivity.
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1. Introduction

Minimally or non-invasive human health and performance 
monitoring can benefit from achieving sensing for molecular 
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close to 2.5  cm—diameter  ×  9.1  cm—length and detect an 
electrical current created by the ionized molecules from  
UV-irradiation to the VOC. However, PIDs suffer from selec-
tivity issues[3,17] in differentiating VOCs, showing significant 
non-specific responses with a range of VOCs.

Meanwhile, carbon nanotube (CNT) chemiresistors[18,19] 
are considered the suitable sensor platforms for VOC moni-
toring due to their nano-sized[20] and fast electronic response 
enabling real-time continuous measurement.[21,22] In addition, 
biorecognition elements (BREs) can functionalize CNTs to 
provide selective and sensitive characteristics to the chemire-
sistors.[23–26] BREs are biological materials (i.e., enzyme, anti-
body, aptamer, and peptide) specific to target molecules.[27–30] 
Among BREs, peptides have been claimed as one of the most 
well-known molecular tools due to their chemical stability,[31,32] 
diversity,[33] and customizability.[34,35] For these reasons, many 
works have utilized peptides as promising sensing elements 
for gas detection applications.[36–41] Previously, several peptide-
coated CNT chemiresistors have been developed to detect 
molecules of interest selectively. For example, Kim et.al and 
Naik et  al. demonstrated selective detection of low volatile 
2,4,6-Trinitrotoluene explosive by using the specific binding 
peptides.[21,24] Son et  al. demonstrated selective detection 
of 3-Methyl-1-butanol (related to salmonella contamination 
in food) using Drosophila odorant-binding protein-derived 
peptide[42] with a 1  fm sensitivity. Although several peptide 
sequences have been utilized as biorecognition elements for 
biomarkers of interest, predicting the suitable peptide–CNT 
pair for volatile sensing remains unclear. To date, most BRE 
analyses have been done in the liquid phase using phage dis-
play and enzyme-linked immunosorbent assay (ELISA). There-
fore, tools to characterize the peptide-CNT pair in the non-
aqueous ambiance are in high demand to advance VOC sensor 
development efforts.

Here, we present a novel method using the combination 
of machine learning, in silico analysis, and in situ near-edge 
X-ray absorption fine structure (NEXAFS) spectroscopy to pre-
dict the non-aqueous peptide–CNT pairs responsive to VOCs, 
followed by CNT chemiresistor test for in operando evalua-
tion. We select isopropyl alcohol (IPA) as a target VOC since 
it acts as a cognitive biomarker related to central nervous 
system depressant.[3] First, we perform a novel machine 
learning using artificial neural network models to identify five 
IPA-responsive 7-mer peptides. Then, we utilize molecular 
dynamics (MD) to estimate the conformation of these pep-
tides on the CNT surface by calculating peptide–CNT inter-
action energies. In addition, NEXAFS spectroscopy analyzes 
the alignment of the amide backbone using N K-edge meas-
urements to further assess peptides’ conformation. Finally, 
peptide-functionalized CNT chemiresistors are fabricated and 
tested against IPA to probe correlations between VOC sensing 
and the peptide–CNT pair characteristics. The chemiresistor 
results suggest that the accessible surface area determined 
by the peptide conformation on the CNT surface is a signifi-
cant factor in VOC sensing. Our results strongly indicate that 
the present study can predict and optimize the peptide-based 
recognition element for designing the gas-phase CNT sensor 
with higher sensitivity.

2. Results and Discussion

To identify IPA-responsive 7-mer peptide sequences, we 
used NNAlign as an artificial neural network-based align-
ment method for receptor–ligand binding prediction.[43,44] 
This method efficiently finds underlying sequence patterns 
by simultaneously aligning peptide sequences and identifying 
motifs associated with quantitative binding affinity. It has been 
successfully applied in predicting peptide binding to the major 
histocompatibility complex (MHC) molecule. An online imple-
mentation of the method is available at http://www.cbs.dtu.dk/
services/NNAlign/. The input to the program is a set of pep-
tide sequences with binding affinity to a target molecule. When 
the peptide is uploaded to the network, the server returns a 
sequence alignment, a binding motif of the interaction, and a 
model that can be used to scan for motif occurrences in new 
sequences.
Figure 1 shows the identification of the top five 7-mer pep-

tide sequences using an artificial neural network. The detailed 
method is described in the Experimental Section. Briefly, we 
randomly generated a set of 5000 peptide sequences of 7 amino 
acids and inputted the binding affinity scores (i.e., interaction 
energies to IPA) calculated by MD simulations (Figure  1a). 
After uploading the sequences and interaction energies to the 
NNAlign web server, we used the feed-forward artificial network 
model with ten hidden neurons. The gradient descent back-
propagation algorithm lowered the sum of the squared errors 
between the predicted and given binding scores. Figure  1b 
shows the distribution of the binding affinity scores after 500 
training cycles. The tyrosine residue was found to show the 
highest binding weight, as shown in Figure 1c. Even if tyrosine 
residue showed the highest score, it seems that 7-mer peptides 
show an IPA affinity differently depending on the sequence 
combination. Consequently, we identified the top five peptide 
sequences (QGWYYYT, FYYYLLQ, MKPHYYN, TLYCFRT, and 
YVPRMHS) and labeled EP1, EP2, EP3, EP4, and EP5, respec-
tively, as shown in Figure 1d.

To predict the conformation of a peptide on the CNT sur-
face, we used the interaction energy between CNT and peptide 
calculated by MD simulations. Based on the experimental solu-
tion prepared with 1.5  mg peptide, 1.5  mg CNT powder, and 
1.5 mL distilled water, a simulation system has at most one pep-
tide and one CNT with chirality (10, 3) inside a cylinder with 
a radius of 7  nm and height of 5.2  nm. Assuming there may 
be many different conformations of peptides binding on the 
CNT surface, we performed two starting configurations where 
the peptide is either parallel or vertical to the CNT axis solvated 
in a cylinder of water, as shown in Figure 2a. After building 
the single-walled CNT and linear peptide models using Mate-
rials Studio 8.0 (©2014 Dassault Systèmes) and VMD1.9.3,[45] 
NAMD2.13 software package performed MD simulations to 
calculate the CNT interaction energies to each residue of the 
peptides. Detailed simulation conditions to obtain the pep-
tide–CNT interaction energies are described in the Experi-
mental Section. After 100  ns equilibration of peptide–CNT in 
water, water molecules were removed from each simulation 
system to mimic gas-phase conditions. After removing water, 
VOCs were placed 2  nm above the CNT surface. We carried 
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Figure 1.  Machine learning using artificial neural networks to identify isopropyl alcohol (IPA)-responsive 7-mer peptides: a) the block diagram of the arti-
ficial neural network model; b) the raw data distribution of the binding scores (i.e., interaction energies) between peptides and IPA; c) the sequence motif 
showing the binding residue tyrosine recognized from the neural network modeling; d) the identified top five 7-mer peptide sequences responsive to IPA.

Figure 2.  Molecular dynamic simulations to calculate interaction energies between peptide and carbon nanotube (CNT) and predict peptide conforma-
tion on CNT surface: a) the initial simulation configurations where a peptide is either parallel or vertical to CNT axis; b) the representative graphical 
image showing EP1 conformation on the CNT surface; c) the calculated peptides’ interaction energies to CNT; d) the predicted 2-dimensional peptide 
conformation based on the interaction energies.
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out three independent 100  ns equilibrations for each system 
composed of CNT, a peptide, and a VOC for statistical analysis. 
The last 10 ns snapshots from each equilibration were used to 
calculate the relevant pair interaction energies. We performed 
the first MD simulation with water to calculate CNT interac-
tion energy as we assembled the CNT onto chemiresistors in 
the aqueous phase (using a CNT–peptide solution dispersed 
in water and DEP process) for the chemiresistor experiment. 
Then the second simulation calculates VOC interaction energy 
without water in the simulation system to mimic gas-phase 
VOC exposure on the CNT chemiresistor in the gas chamber. 
Figure  2b shows the representative graphical image predicted 
by the interaction energies, describing how EP1 binds to the 
CNT surface. Figure  2c shows the calculated CNT interac-
tion energies of each residue of EP1-5, respectively. Based on 
the calculation data, we simplified the conformation model by 
considering the 2D schematics of the peptide residues on the 
CNT surface. Because the interaction energy indicates which 
residue is likely to bind to CNTs, and a lower negative value of 
the energy explains a higher possibility of binding to CNTs, we 
assume that the residue having the lowest energy in a peptide 
serves as a CNT-binding residue (CNT linker). Then the other 
residues form amino acid chains differently depending on the 
energy level of each residue, as shown in Table S1 (Supporting 
Information). Using this simplified conformation model, 
Figure 2d shows the predicted 2D schematics of the conforma-
tions of EP1-5 to briefly describe how vertically or horizontally 
the peptides are oriented on the CNT surface. The residue with 
a green color indicates CNT linkers with strong CNT interac-
tion energies. Based on this prediction, we found that EP1 and 
EP2 are horizontally oriented on the CNT, while EP3, EP4, and 
EP5 are more vertically oriented.

To further assess the conformation of the peptides, we uti-
lized NEXAFS spectroscopy to analyze the peptide’s molecular 
alignment, whose characteristics are closely related to the pep-
tide conformation. NEXAFS is photoelectron spectroscopy 
performed at low energies that relies on the transition of an 

atomic core electron to an empty molecular orbital through 
X-ray absorption, resulting in a unique absorption fine struc-
ture. This technique is sensitive to molecular alignment 
since absorption events correspond to the electric field vector 
of the incoming X-rays being adsorbed by different orbital 
hybridization(s) within the molecule, which themselves are 
highly oriented in the covalent bonding in lighter elements.[46] 
NEXAFS can therefore be implemented to study molecular 
alignment/morphology at biosensor interfaces.[47–49] Further, it 
is important to note that the limited number of amino acids 
inherently mitigates possible secondary structure effects to the 
peptide orientation probed via NEXAFS, providing more suc-
cinct information about binding at the biotic/abiotic interface.
Here, we used the N K-edge of EP1-EP5 samples deposited on 
CVD graphene to probe the amide π orbital functionality along 
the peptide backbone, aiming to obtain an overall molecular 
orientation on the surface.[50–52] It is worth mentioning that 
the amino acid residues from peptides interact non-covalently 
with CNT and graphene in the same qualitative way, mainly 
through π–π stacking interactions.[53] The difference emerges 
in this interaction’s magnitude, reportedly weaker for CNT 
than graphene.[53–56] Therefore, we assumed that the peptides’ 
orientations are equivalent on both substrates, differing in the 
interaction energy values but keeping the same pattern.
Figure 3a–e shows N K-edge NEXAFS spectra obtained 

under five different X-ray incidence angles (20°, 40°, 55°, 70°, 
and 90°) for EP1-EP5 peptide sequences. The sharp peaks 
around 401.3 eV are associated with the N1s → π* transition of 
the peptide bond amide orbital. Two broader resonances domi-
nating the spectra at higher energies around 406 and 413 eV are 
associated with electrons from N1s → σ* transitions of NC 
and NH bonds, respectively.[57] Features at lower energies 
(below 401.3 eV peak) are related to nitrogen atoms present on 
amino acid residues, with EP3 (Figure 3c) and EP5 (Figure 3e) 
showing two small shoulders from two N1s → π* of both histi-
dine nitrogen atoms.[58,59] EP1 (Figure 3a), EP2 (Figure 3b), and 
EP4 (Figure 3d) showed only one small shoulder related to free 

Figure 3.  Near-edge X-ray absorption fine structure (NEXAFS) spectra to assess peptide molecular alignments: a–e) N K-edge NEXAFS spectra 
obtained from five different probe angles from 20° to 90° for the peptides (EP1-5) on the carbon substrate; f) differential spectra between the normal 
(90°) and grazing (20°) radiation incidence; g) schematics showing the difference in maximum radiation absorption depending on the peptide 
orientation.
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uncharged NH2 groups.[60] The sharp π* resonance ≈401.3  eV 
associated with the peptide bonds is the most appropriate fea-
ture to estimate the peptide’s orientation on a substrate. To 
showcase the angle dependence in the N K-edge more immedi-
ately evident, the differential spectra between the normal (90°) 
and grazing (20°) radiation incidence are shown in Figure  3f. 
The peptide sequences EP1, EP2, and EP4 showed negative 
dichroism, indicating that the maximum radiation absorption 
occurred through the π* orbitals positioned perpendicularly 
to the graphene surface, meaning that most peptide bonds 
were positioned in parallel[61] (top schematics in Figure  3g). 
EP3 and EP5 presented positive dichroism about the N1s → 
π* transition of the peptide (CONH) bond (bottom schematics 
in Figure  3g), indicating the maximum radiation absorption 
occurred when the amide π* component orbitals oriented more 
parallel to the surface. In that case, most of the peptide bonds 
tend to be vertically oriented to the graphene surface. While 
corroborating the conformation of the most of the peptides 
predicted by MD simulations, EP4 exhibits discrepancies in 
alignment observed in NEXAFS experimentation, possibly due 
to peptide interaction differences between CNTs and graphene 
for this specific sequence. Figure S1a (Supporting Information) 
shows the intensity histogram of the solution color analyzed by 
the image process. EP4 has the lowest color intensity (darkest) 
(Figure S1b, Supporting Information), indicating significant 

EP4 binding to carbon substrates (to both CNT and graphene). 
Due to the high surface area of CNT, EP4 would maintain its 
conformational shape (the top image of Figure S1c, Supporting 
Information). However, EP4 could be aggregated on the gra-
phene surface (the bottom image of Figure S1c, Supporting 
Information), resulting in a low degree of freedom of NEXAFS 
spectra. We anticipate that consistent results could be obtained 
by reducing the EP4 concentration on the graphene. As a result, 
four peptides out of five exhibited good alignments between 
CNT–peptide interaction energies and NEXAFS spectra, sup-
porting the feasibility of the peptide conformation prediction. 
In addition, more consistent alignments between interaction 
energy and NEXAFS could be obtained by utilizing identical 
substrates or optimizing the peptide functionalization.

To study how the peptide conformation affects VOC 
sensing in peptide-functionalized CNT sensors, we fabricated 
a chemiresistor platform (Figure 4a) consisting of a Si semi-
conductor substrate and silicon oxide (SiO2) dielectric layer, 
two Au electrodes with a 5  µm gap. CNTs were assembled 
across the two electrodes, where the peptide functionalizes 
the CNTs. To assemble peptide-CNTs on the chemiresistor, 
we made a peptide-functionalized CNT solution by sonicating 
a peptide, a CNT, and ultra-purified water with a mixing ratio 
of 1  (mg):1  (mg):1  (mL), followed by the centrifuge to obtain 
evenly dispersed CNT solution. Then, the dielectrophoresis 

Figure 4.  Peptide-functionalized carbon nanotube (CNT) chemiresistor tests to evaluate the effect of the peptide conformations to VOC sensing: 
a) schematic views (top view (top) and side view (bottom)) of the chemiresistor platform; b) the scanning electron microscope image showing the 
peptide-functionalized CNT network between two gold electrodes; c) the representative response profile of the EP1-functionalized CNT chemiresistor in 
response to the isopropyl alcohol (IPA); d) the normalized resistance changes from the CNT chemiresistors depending on the functionalized peptides 
of EP1-5; e) the peptide conformation schematics showing how IPA molecules get access to the residues (blue-filled residue) with a high affinity to IPA.

Adv. Mater. Interfaces 2022, 2201707
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(DEP) method assembled the peptide-CNT onto the 5  µm 
gap. Figure 4b shows the scanning electron microscope (SEM) 
images showing the peptide-functionalized CNT network 
assembled across the two electrodes. When the IPA (25 ppm) 
is exposed to the peptide–CNT interface, the resistance of the 
CNT network changes, resulting in the measurable voltage 
changes in constant current bias. Figure  4c shows the repre-
sentative IPA-response profile from the CNT chemiresistor 
functionalized by EP1. The normalized resistance change 
(∆R/R0) was defined as maximum resistance change (∆R) 
divided by initial resistance (R0). We plotted the ∆R/R0 as a 
chemiresistor response to IPA, depending on the functional-
ized peptides (Figure 4d), and compared the responses with the 
peptide conformations. Figure 4e shows the schematics of the 
peptide conformations showing how IPA molecules access the 
peptide–CNT interface. These schematics indicate that the dif-
ferences in conformations provide different accessible surface 
areas for IPA, resulting in different ∆R/R0. IPA interaction 
energies were calculated (Table S2, Supporting Information) to 
identify the residues with a high affinity to IPA. The blue-filled 
circles indicate the IPA-affinity residue (i.e., the residues with a 
high affinity to IPA). A detailed description of the methodology 
for identifying IPA-affinity residues is in the Experimental Sec-
tion. EP1 and EP2 are horizontal orientation to the CNT sur-
face and have a larger surface area for IPA to access IPA-affinity 
residues. On the other hand, EP3, EP4, and EP5 are vertical 
orientation to the CNT surface and have a smaller surface area 
for IPA to access IPA-affinity residues. Therefore, EP1 and EP2 
with larger accessible surface areas show higher responses in 
∆R/R0 than EP3-EP5.

To demonstrate whether the peptide conformation-induced 
surface area of the peptide–CNT interface affects other VOC 
sensing, we exposed acetone to the peptide-functionalized CNT 
chemiresistors, as shown in Figure S2 (Supporting Informa-
tion). Interaction energies were calculated (Table S3, Supporting 
Information) to identify the acetone-affinity residues (yellow-
filled circles, see Experimental Section for details). As EP1-EP5 
are designed to be responsive to IPA, the ∆R/R0 of acetone was 
lower than IPA (the bar graph in Figure S1, Supporting Infor-
mation). However, EP1 and EP2 showed the highest responses 
while EP3 had the lowest, exhibiting a consistent tendency with 
IPA responses and supporting the peptide conformation as a 
significant role in VOC sensing.

To further demonstrate the effect of the peptide conforma-
tion, we tested chemiresistors functionalized by different pep-
tides: 12-mer CNT-binding peptides (GSVQKLSATPWV (P1), 
ALNWTELHGQAT (P5), and LADNAFAHRQRC (P8)) iden-
tified by the normalized high-throughput sequencing phage 
display.[62] These peptides functionalized the CNTs, and we 
exposed IPA to these peptide-functionalized CNT chemiresis-
tors. Figure S3a (Supporting Information) shows the ∆R/R0 of 
the peptide-functionalized CNT chemiresistors in response to 
IPA. We calculated and obtained CNT interaction energies to 
P1, P5, and P8, as shown in Table S4 (Supporting Information), 
to predict the conformations of the P1, P5, and P8 (Figure S3b, 
Supporting Information). Interaction energies were calculated 
(Table S5, Supporting Information) to identify the IPA-affinity 
residues (blue-filled circles). The conformation of P5 is the 
less vertical orientation to CNT with the highest IPA response 

result. On the other hand, P1 and P8 showed a more vertical 
orientation shape, resulting in lower IPA responses than P5. 
Importantly, this finding showcases that peptide conformation 
is critical in determining sensitivity under the CNT chemire-
sistor setting.

To investigate whether a hybrid peptide consisting of a CNT-
binding sequence and a sequence identified for a target analyte 
can provide high sensitivity to VOCs, we tested chemiresistors 
functionalized by four hybrid peptides (P5-V11, P5-V12, P5-V21, 
and P5-V22), as shown in Figure S4a (Supporting Informa-
tion). P5 served as the CNT-binding sequence combined with 
the previously reported short peptide sequences: IPA-respon-
sive sequence (KSDSM) or acetone-responsive sequence 
(WHVSM).[34] One glycine served as a linker connecting P5 and 
KSDSM or WHVSM at N or C-terminus. This way, we antici-
pated that the peptide–CNT interface might operate appropri-
ately in both binding to CNT and capturing the target VOC. 
However, we did not estimate the conformations of these 
peptides due to the long calculation time for interaction ener-
gies of the 18-mer sequences. As a result, the CNT chemire-
sistors functionalized by these peptides showed negligible 
responses to IPA and acetone (less than 2% resistance changes) 
(Figure S4b, Supporting Information), implying that the hybrid 
peptides do not work appropriately in the CNT chemiresistor 
platform. We suspect the hybrid peptides are 18-mer sequences 
with relatively long chains for functionalizing CNT, thus having 
more complex conformations that complicate sensing events. 
This result implies that when a specific peptide with a high 
affinity to target analytes functionalizes the CNT, how the CNT 
networks bind to the peptide can confound the peptide’s func-
tionality. Therefore, predicting how peptides interface with the 
CNT surface is imperative for evaluating peptide functionality 
for VOC sensing in the CNT sensors.

Overall, this study presented a multimodal method to iden-
tify and characterize peptide-based biorecognition on the CNT 
surface for building CNT-based VOC sensors. After a novel arti-
ficial neural networks algorithm identified five IPA-responsive 
peptide sequences, MD and NEXAFS N K-edge measurements 
characterized 2-dimensional modeling to predict the conforma-
tions of the peptides. We experimentally verified via in oper-
ando chemiresistor evaluation that this combination of charac-
terizations effectively builds peptide–CNT pairs sensitive to gas-
phase targets. This paper assumes that the peptide sequence 
has a single residue that links CNT and the residue with the 
highest interaction energy serves as the CNT linker. Then, the 
rest of the residues form an amino acid chain with a specific 
angle depending on the interaction energy (Table S1, Sup-
porting Information) to predict the conformation of the peptide 
based on the interaction energy. Using this assumption, we 
consistently predicted the peptide conformation of EP1-5 (where 
EP1 and 2 were horizontally oriented and EP3-5 were vertically 
oriented), and the prediction was well aligned with the experi-
ments (NEXAFS and chemiresistor). While we could account 
for multiple CNT linkers at a time, that leads to many possible 
conformations making prediction complicated. Therefore, we 
set consistent guidance to simplify the conformation model. In 
an actual situation, peptides are likely to have many different 
conformations on the CNT surface. In addition, the peptides 
are under dynamic conditions where their conformations 
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keep changing in real-time. Peptide–CNT interaction energies 
were obtained from the average of 10 independent simulation 
cycles. The higher standard deviation implies more dynamic 
and variable changes in peptide conformation in real situa-
tions. Therefore, the predicted peptide conformation shows 
the representative case that the peptide would form with a high 
probability. We theoretically anticipated that ⪆10  000 peptides 
would be on a CNT network of each device. The majority of 
peptides are likely to have the predicted conformation that sig-
nificantly affects the electrical signal from the holistic system 
of the CNT–peptide interface. Therefore, the predicted peptide 
conformation is related to the probability, and a statistically 
meaningful number of peptides would lead this model to a 
good agreement with the chemiresistor data. The objective of 
the chemiresistor test in this manuscript is in operando evalu-
ation of the peptide–CNT interface to observe VOC affinity in 
the form of electrical signature. The chemiresistor response 
depending on the different concentrations of the VOCs to eval-
uate gas sensing performance (e.g., linearity and the limit of 
detection) will be performed as a follow-up work to develop a 
gas sensor platform.

3. Conclusion

We demonstrate that the multimodal characterization using 
machine learning, MD, NEXAFS, and chemiresistor platform 
exhibited a novel way to analyze gas-phase peptide-based rec-
ognition elements and investigate how peptides–CNT inter-
face functions toward VOC sensing. The results showed that 
the vertically oriented peptides on the CNT surface hinder 
VOC access to the peptide–CNT interface due to the low acces-
sible surface area, resulting in a significantly lower sensor 
signal than the CNT chemiresistor with the horizontally ori-
ented peptide. Our results strongly indicate that conforma-
tional characteristics of the peptide are critical in peptide–CNT 
devices for sensitive VOC sensing. This study is crucial for 
designing peptide-based biorecognition elements specific to 
target molecules and developing sensitive CNT-based chem-
ical sensors.

4. Experimental Section
Machine Learning and Molecular Dynamics for 7-mer Peptide 

Generations: Machine learning was performed at the NNAlign server 
(http://www.cbs.dtu.dk/services/NNAlign/). The server generates 
artificial neural network models of peptide-VOC binding prediction. The 
input to the server is 5000 7-mer peptide sequences and their interaction 
energies to IPA. Feed-forward artificial network model with ten hidden 
neurons was used. The peptide is encoded to the network using the 
Blosum encoding method. It returns a sequence alignment, a binding 
motif of the interaction, and a model that can be used to scan for motif 
occurrences in new sequences. The gradient descent back-propagation 
algorithm lowered the sum of the squared errors between the predicted 
and given binding scores. A fivefold cross-validation technique evaluated 
the neural network by randomly splitting the data into five equally sized 
blocks (1000 peptides per block).

The MD simulation obtained IPA interaction energy that is input to 
the server. The more specific method to obtain peptide–IPA interaction 
energy is shown as follows: VMD1.9.3 made linear peptide models 
where the N-terminus and C-terminus are capped with patch ACE 

and CT3, respectively. Then, NAMD2.13 carried out MD simulations 
with a temperature of 298.15  K, and the simulation length 10  ns. IPA 
molecule was placed 2.0  nm away from the center of mass of the 
peptide. Each system was minimized and equilibrated for 20 ns. For all 
production runs, snapshots collected every 500 ps for the last 5 ns of 
the simulation were used to calculate the interaction energy between a 
peptide and IPA.

CNT and IPA/Acetone Interaction Energies to Peptides: The pair-
interaction energy between CNT and peptide was calculated using 
MD simulations to rank the binding affinity. The Single-wall carbon 
nanotube (SWCNT) model was constructed using Materials Studio 8.0 
(©2014 Dassault Systèmes). Linear peptide models were made using 
VMD1.9.3[45] The N-terminus and C-terminus were capped with patch 
ACE and CT3, respectively. The CHARMM36 force field[63] was used to 
describe the interactions, while atom type CPT was used to characterize 
SWCNT. All MD simulations were carried out using the NAMD2.13 
software package.[64] A nonbonded cutoff distance of 1.8 nm was used 
with the application of the switching function starting at 1.6  nm. The 
distance of the pair list was set at 2  nm. The temperature was set at 
298.15  K. After 100  ns equilibration of peptide-SWCNT in water, water 
molecules were removed from each simulation system to mimic 
experimental conditions. It was assumed that the residues with the VOC 
interaction energies (in Tables S2, S3, and S5, Supporting Information) 
lower than –1  kcal  mol−1 could serve as active residues with a high 
affinity to target VOC, indicated with a blue circle (for IPA affinity) or a 
yellow circle (for acetone affinity).

Near-Edge X-Ray Absorption Fine Structure Spactroscopy (NEXAFS): 
NEXAFS spectroscopy measurements were conducted at the SXR 
beamline of the Australian Synchrotron to probe N K-edge in partial 
electron yield (PEY) mode. All peptides were adsorbed on a multilayer 
CVD graphene film Si/SiO2/Ni wafer using a 1  mg  mL−1 peptide 
solution. A droplet of the solution was placed on each substrate for 
≈90 s, followed by removing the droplet to ensure minimal aggregation. 
The analysis of NEXAFS data was performed using the program 
QANT.[65]

Materials: Isopropyl alcohol (IPA) (C3H8O, 99.5%), acetone (C3H6O, 
≥ 99.5%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 
Carbon nanotube powder (small diameter SWNTs, HiPcoTM) was 
purchased from NanoIntegris, Inc. (Skokie, IL, USA). All peptide 
sequences (with a purity of 90%) were purchased from Peptide 2.0 
Inc. (Chantilly, VA, USA). Distilled water (UltraPure DNase/RNase-
Free  Distilled Water) was purchased from Life Technologies (Carlsbad, 
CA, USA). Multilayer CVD graphene film Si/SiO2/Ni wafer was purchased 
from Graphene Supermarket (Ronkonkoma, NY, USA).

Device Fabrication: The fabrication process for the chemiresistor 
platform started with a 4-in. silicon wafer (0.5 mm—thickness) 
with a 0.2  µm—thickness SiO2 top layer. After the wafer cleaning 
process by sequential spraying of acetone, IPA, deionized (DI) water, 
and IPA, photoresists of LOR10A and AZ514 were spin-coated for 
photolithography pattern windows for the source and drain electrodes. 
Next, a thermal evaporator deposited 15 nm/65 nm thickness of Ti/Au 
layer onto the photoresist pattern with a 0.1 nm s−1 rate. Then, a lift-off 
process was applied by taping-stripping, spraying acetone, dipping in a 
developing solution (1165), and plasma-etching. Finally, the individual 
FET chipset is completed by dicing the wafer using a dicing saw. The 
total dimensions of the platform were 18  mm—width  ×  8.5  mm—
length × 0.5 mm—thickness.

Peptide-Functionalized CNT Solution: The assembly of the peptide-
functionalized CNTs onto the chemiresistor platform had two steps of 
1) the peptide-CNT solution preparation and 2) the dielectrophoresis 
(DEP) process. A peptide-functionalized CNT solution preparation 
started by putting 150 µL of a peptide solution (1.5 mg peptide + 150 µL 
ultra-purified water), 1.5  mg of a CNT powder, and 1.35  mL of ultra-
purified water into a falcon tube. A sonicating probe connected to an 
ultrasonic generator (5300, Ultrasonic Power Corporation, Freeport, IL, 
USA) was used to facilitate the mix of the solution, with the following 
conditions: −37 power level, 0.5 repeating duty cycle, and 30  min 
duration. The solution was then centrifuged to separate the residual 
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CNTs, forming a (mostly) evenly dispersed CNT solution. For the CNT 
solution without peptide, all solution preparation process was the same 
except for using SDS instead of the peptide. The DEP process was 
performed for the assembly of the peptide-functionalized CNTs onto 
the chemiresistor platform. First, 10  µL of the solution was pipetted 
across the electrode gaps, and then an AC voltage of 6  Vp–p, 10  MHz, 
and 10 s was applied. The DEP force aligns the peptide–CNTs across the 
electrode gap. After rinsing with deionized water and blow drying with 
house air, the peptide-functionalized CNT chemiresistor was completed. 
The CNT bundles formed across the gap between two electrodes were 
checked by measuring an electrical resistance level. Assembled CNTs 
were also observed by an optical microscope (Axio Imager.M2m, Carl 
Zeiss Microscopy GmbH, Jena, Germany) and a scanning electron 
microscope (SEM) (SU70, Hitachi, Tokyo, Japan).

Gas Exposure Setup and Protocols: An acrylic chamber was used as 
an experimental setup for the VOC exposure test. The configuration of 
the acrylic chamber is composed of an air inlet/outlet for the purging/
ventilation, a VOC injection port, a temperature/humidity sensor, a small 
fan for facilitating the air circulation, and the CNT chemiresistor clipped 
by an electrical connection jig (or clamshell). The clamshell is electrically 
connected to the semiconductor analyzer (Keithley 4200A-SCS, Tektronix, 
Beaverton, OR, USA) that generates a constant current, measures a 
voltage, and records measurement data. The semiconductor analyzer 
includes a switching matrix (Keithley 708B, Tektronix, Beaverton, OR, 
USA) that enables multiplexing up to 12 pairs of electrodes serially and 
continuously. The semiconductor analyzer measured voltage responses 
from the CNT FET when the applied constant current was 1 µA, and the 
sampling rate was about 3  s. The total measurement time was 1500  s, 
where 25 ppm of VOC was injected at 500 s, and evacuated by purging at 
1000 s. The voltage output of the responses was converted to the resistance 
values by dividing the measured voltage responses by the constant current 
of 1  µA. Baseline drift was corrected by subtracting a linear fitting line 
(obtained from the least-square regression method) drawn from the initial 
profile from 0 to 500 s of the experiment. The magnitude response (∆R) 
was defined as the maximum change in resistance at 1000 s.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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