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ABSTRACT: Developing a continuous insulin-monitoring biosensor is of great
importance for both the cellular biomanufacturing industry and for treating diabetes
mellitus. Such a sensor needs to be able to effectively monitor insulin across a range of
temperatures and pHs and with varying concentrations of competing analytes. One of the
two main components of any biosensor is the recognition element, which is responsible for
interacting with the molecule of interest. Prior literature describes an insulin-binding
peptide (IBP) that was reported to bind to insulin with a 3 nM affinity. Here, we used
orthogonal and complementary electrochemical, computational, and thermodynamic
characterization methods to evaluate IBP’s appropriateness for use in a biosensor.
Unfortunately, all three methods failed to produce evidence of IBP-insulin binding either
on surfaces or in solution. This indicates that the binding exhibited in previous reports is
likely restricted to a limited set of conditions and that IBP is not a suitable recognition
element for a continuous insulin biosensor.

■ INTRODUCTION
Reliable and convenient detection of insulin holds profound
implications for advancing research across diverse domains of
human well-being and knowledge. Insulin is a small
polypeptide hormone produced by the pancreas that is
involved in glucose uptake and metabolism by cells.1 It is
likely most well-known to a general audience for its roles in
type 1 diabetes mellitus, caused by insulin deficiency, and type
2 diabetes mellitus, associated with insulin resistance, which
are metabolic disorders affecting millions globally.2,3 Current
sensors utilized in diabetes management rely on indirect
measurements of glucose, rather than insulin, with continuous
glucose monitoring in particular having been shown to
improve patient outcomes.4 Point-of-care continuous monitor-
ing of insulin is expected to further improve outcomes, but
progress in developing sensors for this task is still needed.3,5

Monitoring insulin levels is also of great importance for
biomanufacturing processes. Biomanufacturing is viewed as a
critical growth industry in the United States of America.
According to a June 25, 2024 White House Fact Sheet, there
have been “$29 billion in public and private sector
biomanufacturing investments ... since the start of the Biden-
Harris Administration” and the administration recently
“announced a set of actions to accelerate U.S. domestic
biomanufacturing capacity”.6 Cellular biomanufacturing is a
major portion of the biomanufacturing industry, and insulin
has been shown to be important both to the growth of the cells

and to preventing their death in such applications.7−10 In
particular, glucose-stimulated secretion of insulin is a critical
quality attribute of pancreatic islet cell therapeutics for the
treatment of type 1 diabetes.11

Current routine methods for insulin monitoring require
sample collection and laboratory testing using techniques such
as enzyme-linked immunosorbent assays (ELISA), high-
performance liquid chromatography (HPLC), and mass
spectrometry.3 These approaches are time-consuming and
expensive; further, the necessity of sample collection for
laboratory analysis causes a risk of infection for patients and
contamination for biomanufacturing processes.12 Thus, there is
interest in developing novel insulin biosensors for clinical,
industrial, and basic research applications.13−23 For a
continuous insulin sensor to be effective for patient care
and/or biomanufacturing processes, it must be able to detect
insulin under a range of conditions.3,5 In patients with diabetes,
severe ketoacidosis can cause blood pH to drop by a half a
logarithmic unit or more from its typical range of 7.35−7.45 to
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below 6.9.24 A patient-worn sensor would also have to work
when exposed to varying levels of many protein analytes and
small molecules and would experience at least mild temper-
ature changes. Similar challenges occur in any batch-based
biomanufacturing process, which have changing media proper-
ties over time.

Recognition elements (REs), which bind to target analytes
through affinity interactions, are one of the two major
components required in biosensors. They produce a
measurable signal, which a transducer (i.e., the second
component) can interpret into a quantifiable output.25,26 REs
can come in many forms, including aptamers, antibodies,
oligomers, enzymes, and peptides.27 Several electrochemical
sensors for insulin have previously been reported. Wu et al.
utilized an insulin aptamer and alternating current voltammetry
to measure binding to insulin and demonstrated a robust
calibration curve.18 Khanwalker et al. used a single chain
variable fragment (i.e., a protein derived from an antibody) and
electrochemical impedance spectroscopy (EIS) to a similar
end.28 To our knowledge, a peptide RE has not previously
been used in an electrochemical biosensor for insulin, although
peptides can have highly specific binding interactions, are
inexpensive to produce, and may be more stable under various
conditions than other biological REs.1,29−31

In 1988, Knutson reported an insulin-binding peptide (IBP)
that binds to radiolabeled insulin with a three nanomolar (nM)
affinity.32 IBP is a short sequence of six amino acids
(CVEEAS) designed to bind to residues 22−27 of the insulin
B-chain. It was designed using the controversial33 antisense
peptide approach, which claims that peptides encoded by
complementary sense and antisense nucleic acid sequences are
more likely to exhibit specific and high-affinity interactions
than randomly selected peptide pairs.34−37 IBP was one of the
first reported high-affinity peptides designed using the
antisense method and served as a motivating example for
subsequent studies.38,39 Despite over three decades having
passed since the initial publication of IBP, we were able to
identify only two reports of the peptide being used. Bisker et al.
used IBP as part of a panel of control peptides in an
experiment measuring the binding of insulin to polyethylene
glycol (PEG) conjugated lipids adsorbed to single-walled
carbon nanotubes, although they did not present any data
confirming or disconfirming IBP-insulin binding.40 More
recently, Eriksson et al. used IBP with the aim of creating an
insulin-binding peptide probe for staining β-cells in vitro and in
vivo.41 That work demonstrated colocalization of the

developed probe with insulin-producing cells through insulin
immunostaining but did not directly demonstrate IBP-
dependent insulin binding.

There is a significant need for insulin-monitoring sensors
and IBP seems like a promising candidate RE due to its strong
reported affinity, the colocalization of IBP-bearing probes with
insulin-producing cells reported by Eriksson et al., and the
general favorable properties of peptides as REs. Yet causes for
hesitation about its applicability also exist: there have been no
reports since its original publication that directly demonstrate
IBP-insulin binding and there was a three-decade gap between
the initial literature report and the first example we can find of
its use. Despite these possible points of caution, IBP has the
potential to function as an RE in an electrochemical sensor.
Therefore, IBP is an excellent candidate for our orthogonal
electrochemical, computational, and thermodynamic character-
ization methods for understanding and evaluating protein-
peptide binding interactions. Electrochemical characterization
in the form of EIS can provide sensitive and quantitative
information about analyte binding for sensing applications.
Computational characterization using protein docking, energy
minimizations, and molecular dynamics (MD) simulations can
provide insights into the mechanistic details of how binding
events occur. Finally, thermodynamic characterization with
isothermal titration calorimetry (ITC) can produce solution-
phase binding energies and dissociation constants.

■ RESULTS AND DISCUSSION
Confirmation of Surface Modification. In order to

create an electrochemical sensor, the RE must first be attached
to a surface (i.e., carbon electrodes). Functionalization of
carbon surfaces occurred in a stepwise process to create an
amine terminal surface via diazonium salt chemistry. Carbon
electrodes were modified with diazonium salt via electro-
chemical catalytic reaction. The reduction of the diazonium
salt to nitrophenyl carbon surface is observed in Figure 1A; a
reduction peak is not observed on the second scan indicating
successful attachment. Upon the reduction of nitrophenol to
phenylamine, a negative current is observed (Figure 1B) on the
first scan indicating successful surface chemistry conversion.

An NHS-ester modified streptavidin was synthesized to link
our amine terminated surface with biotinylated RE. The NHS-
ester was synthesized in the laboratory and verified through
NMR, where peaks shifted from 0.84 and 2.10 (nitrophenol
acid) to 0.92 and a cluster of peaks at 1.87 to 2.92 (NHS-ester)
(data not shown). The NHS-ester modified streptavidin was

Figure 1. Cyclic voltammetric data indicating (A) the successful attachment of nitrophenyl to the carbon surface and (B) the reduction of
nitrophenyl to phenylamine terminal groups. Blue indicates the first scan with a present reduction peak; orange is the second scan with no
reduction peak indicating successful attachment.
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fabricated in the laboratory and verified with MALDI-TOF
mass spectroscopy (Mass Spectroscopy Facility, University of
Cincinnati). Figure 2 shows an increase in molecular weight
after the streptavidin is successfully modified with the NHS-
ester, indicating several NHS-esters modified to each
streptavidin molecule (estimated 3−5). The NHS-ester
modified streptavidin was used to construct the electro-
chemical sensor and for the ELISA measurements.

The NHS-ester modified streptavidin was conjugated to the
carbon electrode functionalized surface. A biotinylated peptide
(IBP-3G-TEV) was added to the surface via the streptavidin/
biotin interaction. The conclusion of this surface chemistry
should leave an active IBP terminal group allowing IBP-insulin
surface binding events to occur.

EIS was used, with 10 mM equimolar (1:1 ratio) of
ferricyanide and ferrocyanide, to investigate the different
modification stages (Figure 3). A schematic (Figure 3) also
demonstrates the terminal groups at each stage where the EIS
data was taken. A bare polished electrode has the smallest
impedance, demonstrated by the semicircle shape of the graph.
The surface terminal group was converted to phenylamine
after the electrocatalytic reduction of nitrophenyl to the
surface, which shows an increase in the overall impedance. The
impedance was further increased after it was exposed and
modified to the streptavidin-NHS ester. Finally, the impedance
is relatively unchanged when further modified with IBP-3G-
TEV via biotin/streptavidin binding. The unchanged impe-

dance in the final stage is not surprising given the small size of
IBP-3G-TEV (1.9 kDa) compared to streptavidin (52 kDa).

Surfaces (1)−(4) were further analyzed with ATR-FTIR to
verify modification. Figure 4A shows data from a bare
electrode subtracted from data for (2) phenylamine, (3)
streptavidin, and (4) IBP-3G-TEV. Figure 4B used the (2)
phenylamine surface as background to show differences from
(3) streptavidin and (4) IBP-3G-TEV surface modifications.
The peaks in Figure 4B around 3350 and 1650 cm−1 are
indicative of successful surface modification with streptavidin.
Only subtle differences between the (3) and (4) surfaces were
observed, which is consistent with the EIS characterizations of
these surfaces. Unfortunately, due to the small size of IBP-3G-
TEV compared to streptavidin, it is not possible for us to
determine whether the differences in the ATR-FTIR and EIS
measurements from surfaces (3) and (4) are due to IBP-3G-
TEV attachment or are measurement noise.

Electrochemical Detection of Insulin. We proceeded
with electrochemically monitoring insulin binding on the
possibly modified IBP-3G-TEV surface by exposing it to
increasing concentrations of insulin ranging from 100−400
nM. EIS was taken without a redox mediator, only in the
buffered electrolyte, PBS. Although circuit fitting EIS data is a
common practice, many applications can also be understood
using characteristic features.42−45 Zphz (or the phase shift of
the response) was chosen as a characteristic feature (i.e., a
parameter indicative of surface events) due to previous success

Figure 2. MALDI-TOF Mass Spectrometry Data performed on the purchased streptavidin and the synthesized streptavidin NHS-ester. The data
indicate a shift in molecular weight after NHS-ester modification that is consistent with 3−5 NHS-esters attached to each streptavidin molecule.
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in seeing surface changes.42,46 A scan was taken at 0 nM
insulin, or just buffer, for each surface to provide a reference
for future scans. Figure 5 shows the phase change difference
(Zphz0 - Zphz) at a frequency of 1.00 Hz. The buffer or drift
control showed no changes indicating a good choice in feature
(Zphz) and frequency (1.00 Hz).

Only one experimental case (IBP surface) responded with
insulin concentration, while the other two experimental cases
were unresponsive to insulin. This result, of occasional binding
between insulin with the modified surface, indicates that the
IBP surface may sometimes bind with insulin. However, a
scrambled sequence negative control also had one case where
it responded to insulin, while the two other cases were
unresponsive to insulin. This result, where insulin occasionally
binds with the scrambled sequence or the electrochemical

surface in general, provides less confidence the IBP recognition
element is selective to insulin. Finally, the streptavidin surface
(a surface without the added IBP-3G-TEV or the scrambled
sequence) also showed a similar response to insulin
concentrations compared to the positive-responding IBP
case. However, this trend was not observed in all replicas.

Figure 6 shows raw phase change (Zphz) data at multiple
frequences for two experimental cases and one scrambled
sequence. The largest change across different frequencies is
observed in the scrambled sequence negative control
compared to the other two experimental cases indicating a
potential greater response in the scrambled sequence case.
Electrochemical investigation of insulin binding with IBP
remains inconclusive, due to the lack of consistent replication
and uncertainty regarding whether the surface was successfully

Figure 3. Electrochemical Impedance Spectroscopy Data for Surface Modification Steps. The EIS data was taken in 10 mM ferri/ferrocyanide, to
show the progression of surface modification and charge transfer resistance at each stage. The schematic illustrates the corresponding status of
surface functionalization at each of the numbered steps in the EIS data.

Figure 4. ATR-FTIR data to confirm surface coverage. (A) Bare electrode background subtracted showing the surfaces from Figure 3B (2)
phenylamine surface, (3) streptavidin surface, and (4) IBP-3G-TEV surface. (B) The (2) phenylamine surface was subtracted as a background to
highlight the changes caused by the (3) streptavidin and (4) IBP-3G-TEV modifications.
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modified with IBP-3G-TEV. Therefore, we turned to
orthogonal computational and thermodynamic methods to
understand and verify the details of this peptide−protein
complex.

Computational Analyses. The computational evaluation
of IBP began with an all-atom prediction of its binding
interactions. No experimentally determined structure of IBP
has been previously reported, so a computationally predicted
structure was created. As IBP is a peptide with no defined
secondary structure, it could potentially bind to insulin in
many different conformations. Therefore, a molecular dynam-
ics (MD) simulation of IBP was conducted to generate 1000
possible conformations. The conformations were then
clustered into groups of similar structures. Clustering using
backbone atoms and a 1.0 Å cutoff yielded 10 clusters, while
using all atoms and a 1.5 Å cutoff resulted in 15 identified
clusters. The results of clustering are summarized in Table 1.
The 25 model structures (i.e., the representative structure from
each cluster) were docked to monomeric insulin using
ZDOCK,47 which produced 10 predictions for each structure
for a total of 250 putative IBP-insulin complexes. 225 of the
250 complexes positioned the N-terminal C and V of IBP near
Y16 and F24 of insulin’s B chain, as depicted in Figure 7,
which is in proximity to the reported binding site of residues
22−27 of the B chain. The complexes were predicted using
global docking and no information about a possible target was
provided.

The common recurrence of the N-terminal residues of IBP
interacting with that region of insulin in the docking results
suggest the presence of features that the docking software

Figure 5. Impedance phase change data versus concentration of
insulin for three replicates of the experimental sequence (triangles-
blue), three replicates of a scrambled control sequence (cross-green),
drift (circle-gray), and streptavidin terminal surface (diamond-
orange) at a frequency of 1.00 Hz. One replica each for IBP-3G-
TEV, the scrambled negative control sequence, and streptavidin-only
surface showed a response, while other replicas did not. Each replica
was a new electrode preparation.

Figure 6. Raw Phase Change Data (A, B) Experimental replicas of exposing the surface to insulin show little variation across different frequencies.
(C) is a test case of a scrambled sequence negative control modified surface exposed to different insulin concentrations. The largest change across
different frequencies was observed in (C).
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views as favorable. The remaining 25 complexes, also shown in
Figure 7, do not exhibit any consensus behaviors in their
positions. Of the 225 docked complexes that have similar
interactions, ones involving the model structures of clusters 3
(385) and 6 (489) of the all-atom clustering results had the

strongest Rosetta predicted interaction energies (−23.481 and
−24.745 kcal/mol, respectively). It is worth noting that the
computationally predicted binding energies are not expected to
have experimentally realistic values and that these values are
consistent with our expectations based on prior evaluations of
complexes of this size. Those two predicted complexes were
selected for 100 ns MD simulations to observe their behaviors
over time. Figure 8 shows the minimum distances between IBP

and insulin during the simulations. IBP stayed in close contact
with insulin for portions of both simulations before
dissociating and moving far apart. This contrasts with the
SH3-Ark1 control complex, which stayed in close contact and
had a small RMSD throughout the 100 ns simulation.

The most generous interpretation of these computational
results is that they are of mixed quality. It is a promising sign

Table 1. Sizes and Scores of IBP Structure Clustersa

cluster
ID

number of
structures

model
structure

RMSD
score

average
RMSD

backbone atom
clustering: 1.0 Å
cutoff

1 206 396 0.9850 0.6358
2 179 783 0.9500 0.5946
3 133 470 0.9790 0.6362
4 124 990 0.7057 0.4301
5 111 15 0.9087 0.5690
6 82 99 0.8345 0.5604
7 62 224 0.8158 0.5780
8 47 656 0.9029 0.6627
9 42 618 0.7968 0.6029

10 14 610 0.6619 0.5155
all atom clustering:

1.5 Å cutoff
1 223 735 1.4740 0.9894
2 128 400 1.4621 1.0470
3 116 385 1.4949 1.1464
4 113 190 1.3586 0.9793
5 79 676 1.3375 1.0223
6 60 489 1.2760 0.9560
7 58 15 1.4123 0.9957
8 46 584 1.3551 1.0256
9 42 158 1.3349 1.0506

10 40 888 1.1885 0.9158
11 30 81 1.2675 0.9412
12 26 633 1.2010 0.9444
13 19 612 1.3654 0.9787
14 13 432 1.2031 0.9344
15 7 653 0.9983 0.7331

aThe clusters are organized by the number of IBP structures they
contain. The model structure of each cluster has an RMSD no worse
than the RMSD score for the cluster with every other member of the
cluster. The average RMSD values are the mean RMSD of every
cluster member with every other cluster member. The structure
numbers correspond to the sequential order in which the 1000 IBP
conformations were generated during the MD simulation.

Figure 7. Docking results of IBP with monomeric insulin. 225 of the 250 predicted IBP (tan) - insulin (gray) complexes positioned IBP’s N-
terminal C and V (green) residues near residues Y16 and F24 (orange) of insulin’s B chain, as shown in panel A. F24 in particular is part of the
region of residues 22−27 that IBP was designed to bind. Panel B shows the remaining 25 complexes. That many of the docked complexes show
similar possible interactions suggest that there is some feature there that the docking program views as especially favorable.

Figure 8. Minimum distance versus time for peptide−protein
complexes. The minimum distance between IBP and insulin in the
simulated complexes during the 100 ns MD simulations are shown.
IBP stayed close to insulin for ∼20 and ∼50 ns in the simulations
before dissociating and moving more than 5 Å apart (dashed black
line). This contrasts with the SH3-Ark1 control complex, which
remained in close contact throughout the 100 ns simulation. The
RMSD of the SH3-Ark1 complex is also reported for the control
simulation to demonstrate that they not only stayed close to one
another but also retained a similar conformation. The minimum
distance, but not the RMSD, values have been smoothed by averaging
the 10 surrounding points before and after a data point (21 points
total) to facilitate the visual interpretation of the data.
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that 225 of 250 predicted docked complexes showed a
consensus positioning of the N-terminus of IBP relative to
insulin. Further, this area included the region that IBP was
reported to bind to insulin (i.e., residues 22−27 on the B
chain). When the two complexes with the lowest predicted
interaction energies were simulated using 100 ns MD
simulations, they both initially showed IBP staying in close
contact with insulin before eventual dissociation as the
simulations progressed.

A more realistic interpretation of the computational
calculations is that they did not produce results that are
consistent with binding. Despite recent, well-publicized
advances in protein structure prediction driven by machine
learning algorithms,48,49 computationally predicting protein
complexes is a challenging problem where favorable false
predictions abound. This is exemplified in the data here by the
fact that the best of the 25 complexes that did not position IBP
near the expected binding site on insulin had a predicted
binding energy of −24.027 kcal/mol, which is in between the
energies of the two best complexes selected for MD. Our
experience is that predictions that look highly promising
computationally might be experimentally viable while pre-
dictions that fail computationally consistently fail experimen-
tally, and the two predicted IBP-insulin complexes here failed
to show a lasting binding interaction. That the computational
predictions did not produce results consistent with binding is a
point of concern but does not preclude the possibility of
experimental binding despite our prior experiences. Therefore,
we sought to further characterize IBP’s binding to insulin using
additional experiments.

ELISA. Due to the inconsistent electrochemical and
computational data, we performed an ELISA to investigate
the binding of an insulin modified surface to IBP. ELISA was
performed for all conditions in triplicate with the average and
standard deviation of the spectral data shown in Figure 9. A
scrambled control was performed to determine specificity of
the binding between IBP and insulin.

The formation of disulfide bonds by a peptide sequence can
impact its configuration and therefore binding ability, and IBP
contains a cysteine residue capable of forming such bonds.
Therefore, both the experimental and scrambled conditions
were repeated with 3.5 mM TCEP to reduce the formation of

disulfide bonds. TCEP was added to the peptide solution prior
to the addition of the peptide sequences to the well plates. The
addition of TCEP at this step may reduce both false negatives
caused by disulfide bond formation between copies of the
peptides as well as false positives from disulfide bonds between
the peptides and insulin.

Student’s t test was performed between the controls and
experimental data, with a p-value of less than 0.05 considered
statistically significant. Statistical significance was observed
between the antistreptavidin-HRP (horseradish peroxidase)
positive control and the no insulin negative control, but no
statistical significance was observed between the no insulin
negative control and experimental sequence data. Conditions
with TCEP as a disulfide reducing agent were also not found to
be statistically significant compared to the no insulin negative
control.

Due to the lack of statistical significance between the no
insulin negative control and experimental conditions, it appears
there was no binding event between the insulin modified
surface and IBP. We confirmed a positive control with a high
absorbance (0.83), and our no insulin negative control
produced an appropriate low absorbance (0.22). While we
observed a difference between IBP and IBP+TCEP (Figure 9),
all the experimental cases are not statistically significant above
the no insulin negative control. Thus, the experimental and
scrambled sequence data leads to the negative conclusion that
we did not achieve binding of surface bound insulin with IBP.

ITC. Having been unable to demonstrate IBP-insulin
binding either computationally or on surfaces using electro-
chemistry and ELISA, we attempted to determine the binding
affinity of IBP in solution with the minimum possible influence
of experimental artifacts using what is considered the gold-
standard for quantification of protein−ligand interactions:
ITC.50−52 No detectable binding signal was observed at two
different protein−ligand concentrations. Background noise was
removed from initial control readings and all heat rates of
experimental conditions were corrected using this baseline
reading. Figure 10 displays the corrected heat rate and
modeling of the titration of 20 μM IBP into 2.5 μM insulin.
The heat of mixing in is uniform and consistent, with little to
no variation between each injection. Further experimentation
yielded similar results. In Figure 10, the graphic displays the
corrected heat rate created by the injection of 1 mM IBP into
200 μM insulin. The Q and Fit modeling of the heat rates
shows the flat and relatively unchanging heat change between
each injection.

■ CONCLUSIONS
We attempted to validate IBP-insulin binding using orthogonal
and complementary electrochemical, computational, and
thermodynamic characterization experiments. None of the
methods produced results that are indicative of IBP binding
with insulin. The computational data included some signs that
IBP might bind as intended: 225/250 predicted complexes
positioned IBP in proximity to the region of insulin it was
designed to bind and the MD-simulated IBP-insulin complexes
stayed in close proximity for portions of the simulations.
Overall, however, the computational calculations are not
consistent with likely IBP-insulin binding. The cause of the
lack of binding in the EIS experiments is inconclusive, as it may
be due to a failure to modify the surface with IBP-3G-TEV or
due to IBP and insulin not binding at the tested conditions.
However, that the ELISA (which immobilized insulin on the

Figure 9. ELISA of (left to right) no insulin negative control, no
insulin negative control with IBP-3G-TEV diluted in TCEP,
antistreptavidin-HRP positive control, IBP-3G-TEV sequence diluted
with UHP, IBP-3G-TEV sequence diluted with TCEP, scrambled
sequence diluted with UHP, and scrambled sequence diluted with
TCEP. The antistreptavidin-HRP positive control exhibited statisti-
cally significantly greater absorbance than the other samples. The data
are not consistent with IBP exhibiting specific binding to insulin.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.4c06481
ACS Omega 2024, 9, 39219−39231

39225

https://pubs.acs.org/doi/10.1021/acsomega.4c06481?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06481?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06481?fig=fig9&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c06481?fig=fig9&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c06481?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Figure 10. ITC Data. (A) shows the corrected heat rate and modeling of the mixing of 20 μM IBP into 2.5 μM insulin, while (B) depicts the
corresponding mixing of control buffer into 2.5 μM insulin. (C) and (D) show the same for mixing 1 mM IBP and control buffer into 200 μM
insulin. The heats of mixing are uniform and consistent with minimal if any variation between injections, indicating that no binding of IBP and
insulin was detected.
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surface, not IBP) and ITC (with both in solution) experiments
also could not demonstrate binding suggests that these
molecules do not bind at many conditions. We therefore
recommend that further investigations of IBP should start by
replicating the conditions that Knutson used.

Knutson showed that IBP binds to insulin with a 3 nM
affinity, and Ericksson et al. demonstrated that an IBP-
conjugated probe colocalized with insulin-producing cells.
Those reports indicate that under the right conditions, insulin
and IBP can bind. This led us to investigate whether IBP and
insulin can bind under other conditions for use in a biosensor.
However, we were not able to demonstrate IBP-insulin binding
either computationally or experimentally under routine
laboratory conditions using a variety of methods, suggesting
that the binding interactions require specific conditions. Since
a continuous insulin monitoring biosensor necessitates
detection of insulin under a wide range of conditions, our
findings indicate that IBP is not suitable for use as a RE in such
a sensor.

■ METHODS
Materials. For ELISA and EIS experiments, IBP at a purity

≥95% was ordered from Genscript with a GGG linker and
biotinylated C-terminus for surface attachment and termed
IBP-3G-TEV (sequence purchased: CVEEASGGGENLYFQ-
[Lys(biotin)]). A scrambled IBP sequence control was also
ordered from Genscript with a GGG linker and biotinylated C-
terminus for surface attachment (sequence purchased:
EACVESGGGENLYFQ[Lys(biotin)]). For isothermal titra-
tion calorimetry (ITC) experiments, IBP-3G-TEV was ordered
from Genscript with ≥95% purity, without the C-terminal Lys
or biotinylation (sequence purchased: CVEEASGGGEN-
LYFQ). Working (glassy carbon rod) electrode, auxiliary
(platinum) electrode, and reference (silver/silver chloride)
electrode were obtained from BASinc. A Gamry Reference
600+ potentiostat was used for all electrochemical measure-
ments. Chemicals purchased from Sigma-Aldrich include
99.8% acetonitrile, potassium chloride, 100% hypophosphoric
acid, 100% N-N-dimethylformamide, 99.7% acetic acid, 70%
nitric acid, 98% sulfuric acid, and high-binding plates.
Chemicals purchased from Thermo Fisher scientific include
85% sodium hydrosulfide, 3-(4-hydroxyphenyl)-propionic acid,
dichloromethane, Tween-20, SuperBlock blocking buffer in
PBS, 98% tris(2-carboxyethyl)-phosphine hydrochloride, strep-
tavidin antibody HRP, tetramethylbenzidine, and commercial
blocking buffer. Chemicals purchased from Acros organics
include 98% N-hydroxysuccinimide (Sulfo-NHS) and 70%
ammonium hydroxide. Both the insulin used for all EIS and
ELISA experiments and 98% 4-nitroaniline were purchased
from R&D systems. For ITC experiments, recombinant human
insulin was purchased from Millipore Sigma. Compressed
nitrogen was purchased from Airgas, inc., streptavidin from
Invitrogen, and TMB from Life Technologies. Sodium nitrite
was purchased from avocado research chemicals, 1H hydro-
chloric acid at 96.35% from Honeywell, 200 proof ethanol
from Pharmco Products, and 98% potassium ferricyanide from
Alfa Aesar.

Synthesis of Nitrophenol Streptavidin Complex. 3-(4-
hydroxyphenyl)propionic acid was combined with glacial
acetic acid in a round-bottom flask in an ice bath at 15 °C.
Nitric Acid was added and the solution was stirred for at least
15 min when a color change was observed. The contents of the
beaker were poured into 400 mL of ice-cold water to quench

the reaction. The solution was vacuum filtered to remove the
precipitate which was then transferred to a glass vial and
lyophilized overnight. After lyophilization the precipitate was
recrystallized by adding a 1:1 ethanol:water solvent heated to
80 °C using a minimal amount to dissolve the entire
precipitate. The solution was poured into a flat dish and
allowed to cool at room temperature to form crystals. Finally,
the solution was again vacuum filtered and dried with the
desiccator for at least 6 h to create nitrophenol acid.

Nitrophenol acid was combined with N-hydroxysuccinimide
(NHS) in a 1:0.65 ratio in 10 mL dimethyl sulfide in a round-
bottom flask. The solution was cooled to approximately 0 °C
using an ice bath and stirred for 2 h. The contents of the flask
were rinsed twice with ultrahigh purification water (UHP) and
once with brine (i.e., saturated NaCl solution). The organic
layer was separated and dried with sodium sulfate. Solvent was
removed using a vacuum leaving a yellow solid product of
NHS-ester.

One mg of streptavidin was solubilized in 100 μL of UHP
and transferred to a centrifuge tube. NHS-ester was solubilized
with dimethylformamide in the fume hood. Because less than
10% DMF was used in this solution, this process is not
expected to impact the structure or binding of streptavidin.53

10 μL of the NHS-ester solution was added to the streptavidin
solution and allowed to react on a shaker for 2 h. After
reacting, the sample was purified by adding it to a 30k MW
spin filter and spun at 10,000 rpm for 3 min, and then washed
three times with 1X phosphate buffer solution (PBS) at the
same centrifuge settings. The contents of the spin filter were
transferred to a new centrifuge tube and combined with 10 μL
of 10 mM sodium hydrosulfide dissolved in 1X PBS. The tube
was shaken for 20 min, washed, and filtered. The final
streptavidin-NHS ester product of concentration was verified
via NanoDrop.

Surface Modification. Electrode Polishing. Carbon
electrodes were rinsed with UHP and polished with 0.05 μm
alumina slurry polish in a figure eight motion for 2 min,
changing direction every 15 s. Electrodes were rinsed again
with UHP and dried with compressed nitrogen.

Diazonium Salt Synthesis. 300 μL of 50 mM nitroaniline
solution was added to an electrochemical cell containing 15
mL of 4% hydrochloric acid. The electrochemical cell was
deoxygenated with compressed nitrogen in an ice bath for 15
min. 300 μL of sodium nitrite were added to the electro-
chemical cell, covered with parafilm, and placed in an ice bath
for 5−10 min.

Creation of Amine-Phenyl Surface. The electrochemical
cell was moved to a Faraday cage where the polished carbon
electrode was added to the solution as well as the reference and
counter electrodes. Cyclic voltammetry was performed at 100
mV/s from 0.6 to −0.2 V vs Ag/AgCl for 2 scans. Working
carbon electrode was removed and rinsed thoroughly with
UHP. (Note: The diazonium salt solution was quenched at 1:1
ratio with hypophosphorous acid to minimize the risks of this
solution).

A solution of 9:1 water:ethanol with 0.1 M potassium
chloride was deoxygenated with nitrogen for 15 min. Cyclic
voltammetry was performed at 100 mV/sec from −0.3 to −1.3
V vs Ag/AgCl for 2 scans to create a terminal amine. Working
carbon electrode was removed, rinsed thoroughly with UHP,
and dried with compressed nitrogen.

IBP-3G-TEV Immobilization. 0.5 μg/mL Streptavidin-NHS
ester was mixed with 1 mM ferricyanide in PBS. The reaction
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was allowed to proceed overnight at 4 °C. The following day,
electrodes were rinsed and placed in a 1 mg/mL IBP-3G-TEV
solution for 1 h. The IBP-3G-TEV was solubilized in UHP
with 3% ammonia.

Electrochemical Impedance Spectroscopy. Insulin was
solubilized in 0.5 M HCl pH balanced to 7 with NaOH and
stored at −20 °C in stocks at a 10 μM concentration. To
achieve desired concentrations, the necessary stocks were
thawed immediately prior to experimental use, and diluted
using 1X PBS. Insulin was added to the electrochemical cell to
achieve the desired concentration and allowed to equilibrate
for 20 min. Electrochemical impedance spectroscopy was
performed with an initial frequency of 10,000 Hz, final
frequency of 0.1 Hz, 10 points/decade, and an initial delay of
250 s. An AC voltage of 10 mV rms with a DC offset of 0 V vs
OCP was used.

Computational Analysis. Chain B from Protein Data
Bank (PDB)54 file 2x6m55 was selected as the starting point for
the predicted IBP structure on the sole basis of having the
correct number of experimentally resolved amino acids (i.e.,
6). UCSF Chimera56 was used to mutate the peptide’s residues
to match the sequence of IBP (i.e., CVEEAS) using the
‘swapaa’ command and the dynameomics rotamer library.57

The MD simulation of IBP in explicit solvent was carried out
using Nanoscale Molecular Dynamics (NAMD)58 with the
Chemistry at HARvard Molecular Mechanics 36
(CHARMM36) force field59,60 the transferable intermolecular
potential with 3 points (TIP3P) explicit water model,61 and
the isothermal−isobaric (NPT) ensemble. The QwikMD62

plugin of Visual Molecular Dynamics (VMD)63 was used to
generate the simulation files. The simulation used a salt
concentration of 0.15 mol/L of NaCl, was 2.5 ns long, and
used a 2 fs time step with 2,000 minimization steps, 144,000
annealing steps, and 1,250,000 steps each for equilibration and
simulation. Calculations took 5 h and 54 min to complete on a
3.00 GHz Intel Xeon Gold 6248R processor with 48 cores and
192 GB of available memory, which is a standard node on the
Auburn University Easley Cluster. 1,000 IBP conformations
were generated at evenly spaced time intervals from the
simulation.

A clustering algorithm based upon previous work64 was used
to partition the MD-generated IBP conformations into groups
of similar structures. Before clustering, the root mean squared
deviations (RMSDs) of each unique pair of IBP conformations
were calculated using their backbone atoms (i.e., N, Cα, and
C). During this agglomerative, “bottom-up” clustering process,
a representative IBP structure is selected as the model of each
cluster. Model structure selection starts with identifying the
worst (i.e., highest) RMSD value for each structure with any
other member of the cluster. The structure selected as the
cluster model is the one with the smallest worst RMSD, and
this value is used as the score for the cluster. In other words,
every member of a cluster has an RMSD no worse than the
cluster score with the model structure of the cluster. Clustering
began with each conformation as the sole member of a cluster.
During each iteration, the pair of clusters yielding the lowest
score when combined into a single cluster were grouped
together. Clustering continued until no additional clusters with
scores ≤1 Å could be created. The clustering process was
repeated using all-atom, instead of backbone atom, RMSDs
with a final cutoff of 1.5 Å.

Each of the 25 model structures identified by the clustering
processes were docked to the structure of monomeric insulin

found in PDB file 3i4065 using ZDOCK,47 which predicted ten
conformations for each model structure for a total of 250
predicted IBP-insulin complexes. The predicted complexes
were minimized using a strong harmonic backbone constraint
with CHARMM36,59,66 reminimized using an all atom energy
minimization with Rosetta,67 and their interface properties
were analyzed with the Rosetta Interface Analyzer (RIA).68

The use of constrained CHARMM energy minimizations
followed by Rosetta all atom minimizations is consistent with
our previous work.69,70 It is our experience that CHARMM is
able to resolve interface clashes better than other force fields
while RIA provides comprehensive data about interfaces.

The two complexes that positioned IBP near the
experimentally reported binding site on insulin and had the
lowest predicted interaction energies were selected for MD
analysis. The MD simulations used the same parameters as
previously described, with the exception of being 100 ns in
length, using 2,500,000 equilibration steps, using 50,000,000
simulation steps, and using the isothermal-isochoric (NVT)
ensemble. 5000 conformations were saved from each
simulation for analysis. The simulations took a few hours
more than five and a half days to complete on a standard
Easley Cluster node. The SH3-Ark1 complex in PDB file
2rpn71 was selected as a control protein-peptide complex with
an experimentally known structure. The control complex was
run through a 100 ns MD simulation using identical
parameters as the predicted IBP complexes, which took ∼
10.5 days on a standard Easley Cluster node. In each of the
5000 structures reported from each MD simulation, the
minimum distances between the peptides and target proteins
were calculated, along with all atom RMSD values. The NVT
ensemble was used for these longer MD simulations to
facilitate tracking the distance between IBP and insulin after
dissociation, as they moved far apart and were observed
crossing the periodic boundary conditions of the simulations.

ELISA. 50 μL of 10 μM insulin solubilized in 0.5 M 4% HCl,
pH balanced with NaOH, and diluted to appropriate
experimental concentrations with 1X PBS was added to all
necessary wells of a high binding well plate and left at 4 °C
overnight. The following day all wells were washed three times
with ELISA wash buffer composed of 1% Tween-20 in PBS.
200 μL of commercial blocking buffer was then added to each
well and allowed to incubate on the benchtop for 2 h.

IBP-3G-TEV and streptavidin were mixed in a centrifuge
tube for 2 h. The wells were washed, and the IBP-streptavidin
complex was added to all wells and allowed to incubate on a
shaker for 2 h. Another wash was performed, and
antistreptavidin antibody/HRP was added to all wells and
allowed to incubate on a shaker for 2 h. A final wash was
performed, and tetramethylbenzidine was added to each well
and allowed to react for 15 min. 0.1 M sulfuric acid was added
to all wells to stop the reaction, and a plate reader at 650 nm
was used to determine initial baseline measurements.

Negative controls were created by using commercial
blocking buffer in place of insulin at the initial stage. A
positive control was created by replacing insulin with
antistreptavidin/HRP at the initial stage. All ELISA experi-
ments were repeated in triplicate.

Isothermal Titration Calorimetry (ITC). ITC experi-
ments were performed using a TA instructions Affinity ITC.
IBP and insulin were dissolved in fresh, identical buffer
solutions containing 20 mM HEPES pH 7.5, 100 mM NaCl,
and 2 mM EDTA. The reference cell was freshly washed and
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filled with milliQ water and matched the initial sample cell
volume. Baseline control runs were completed with each
experimental run. Control runs used a syringe filled with the
buffer solution used to titrate the samples instead of using IBP
solution. All experiments were performed at 25 °C, stir rate of
125 rpm, with injection volumes of 2.5 μL and 90−120 s of
equilibration time between injections. The first study to
identify possible binding characteristics used an initial
concentration ratio of 8Syringe:1Cell with the syringe containing
20 μM IBP and the sample cell containing 2.5 μM insulin. The
second study adjusted the initial ratio to 5Syringe:1Cell with 1
mM IBP in the syringe and 200 μM insulin in the sample cell.
Data were analyzed and figures were generated using the
manufacturer’s NanoAnalyze software.
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■ NOTE ADDED AFTER ASAP PUBLICATION
In the Computational Analysis paragraph the PDB code 2x6m
was corrected on September 6, 2024.
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