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Molecular recognition binding sites that specifically identify a
target molecule are essential for life science research, clinical
diagnoses, and therapeutic development. Corona phase molecular
recognition is a technique introduced to generate synthetic recog-
nition at the surface of a nanoparticle corona, but it remains an
important question whether such entities can achieve the speci-
ficity of natural enzymes and receptors. In this work, we generate
and screen a library of 24 amphiphilic polymers, preselected for
molecular recognition and based on functional monomers includ-
ing methacrylic acid, acrylic acid, and styrene, iterating upon
a poly(methacrylic acid-co-styrene) motif. When complexed to
a single-walled carbon nanotube, some of the resulting corona
phases demonstrate binding specificity remarkably similar to that
of phosphodiesterase type 5 (PDE5), an enzyme that catalyzes
the hydrolysis of secondary messenger. The corona phase binds
selectively to a PDES inhibitor, Vardenafil, as well as its molecu-
lar variant, but not to other potential off-target inhibitors. Our
work herein examines the specificity and sensitivity of polymer
“mutations” to the corona phase, as well as direct competi-
tions with the native binding PDE5. Using structure perturba-
tion, corona surface characterization, and molecular dynamics
simulations, we show that the molecular recognition is asso-
ciated with the unique three-dimensional configuration of the
corona phase formed at the nanotube surface. This work con-
clusively shows that corona phase molecular recognition can
mimic key aspects of biological recognition sites and drug tar-
gets, opening up possibilities for pharmaceutical and biological
applications.

artificial molecular recognition | single-walled carbon nanotubes |
corona phase molecular recognition

olecular recognition is the property of a construct to bind
to one target molecule or a class of molecules with high
specificity (1). It is indispensable for biological research, due
to their roles in understanding protein correlation in signaling
cascades (2, 3). It is also widely used in clinical assays for iden-
tifying disease biomarkers in biofluids (4-6). Molecular recog-
nition is also central to therapeutic efficacy of pharmaceutics
in targeting abnormal bioactivities (7-9). The most commonly
used molecular recognition sites are produced by immune cells:
the antibodies (10). Antibodies, however, suffer from a high
tendency of hydrolyzation and degradation, potential loss of
activities when immobilized, low tunability of binding affinity,
and limited availability for a wide range of molecules, such as
posttranslational modifications (9-17). All these factors impair
antibodies’ recognition functions. To develop alternatives to
natural recognition molecules, extensive efforts have explored
various synthetic analogues to achieve similar recognition
function (1, 6, 8, 18-28).
Creating artificial recognition sites, however, remains a sub-
stantial objective and a grand challenge for synthetic and
supramolecular chemistry. One approach is to utilize macrocyclic
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molecules, such as cucurbituril and crown ether, so that their
hydrophobic cavity interacts with small guest molecules, often
with limited specificity (8, 18-22). Another approach, molecular
imprinting, carries out polymerization in the presence of analyte
as the template, so that after extracting the template, the result-
ing polymer conformation has a cavity with a favorable shape and
functional residues (6, 23-25). The method has been applied to
various small molecules, but often suffers from incomplete tem-
plate removal and low binding capacity (6, 23, 25). In addition to
synthetic methods, combinatorial screening of sequence-defined
oligomers/polymers is the main strategy for generating recogni-
tion sites for large biomolecules (1, 26-28). For example, random
single-stranded DNAs are screened against a target protein,
to generate DNA aptamers (4, 5, 7, 28, 29). Similar methods
using other polymers, like peptides and nonnatural foldamers,
have also been developed (1, 26, 27, 30-32). This screening
approach is powerful in generating recognition sites for both
small molecules and proteins, but often requires a large structure
library to start with (1, 5, 27-31).

To introduce rational design in creating artificial recognition
sites, our strategy, as described in previous work (2, 33-36), is to
use a relatively rigid nanoscaffold to direct the folding of flexible
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linear polymers, to manipulate the resulting three-dimensional
configuration. More specifically, we use single-walled carbon
nanotubes (SWNTs)—a high aspect ratio nanostructure—to
guide polymer folding through supramolecular interactions. The
resulting corona phase molecular recognition (CoPhMoRe) pro-
duces a unique configuration for recognizing a target molecule
found through screening. In addition to the structural function,
SWNTs also serve as a signal transducer in identifying recog-
nition interaction. More specifically, semiconducting SWNTs
exhibit near infrared (nIR) bandgap fluorescence (37, 38).
Because all atoms in SWNTSs are surface atoms, the fluorescence
is very sensitive to the surrounding dielectric and molecular
environment (39, 40). A recognition interaction with the target
analyte can modulate the effective dielectric constant or pro-
vide extra relaxation modes, both of which will modulate the
nlR emission, serving as a direct readout of the molecular-level
interaction (33-35, 39, 41). Therefore, our approach combines
molecular recognition and signal transduction into one plat-
form. The strategy has been applied to analytes including nitric
oxide (35), hydrogen peroxide (2), dopamine (36), and fib-
rinogen (33), but has not been examined for its specificity in
comparison with a naturally existing binding site, which is the
topic of this work.

The natural binding site we focus on is phosphodiesterase
type 5 (PDES), a cyclic nucleotide enzyme that catalyzes the
hydrolysis of secondary messenger cGMP (cyclic guanosine
monophosphate) (42-44). By regulating the cGMP concentra-
tion, the enzyme controls cellular signaling in many physiolog-
ical and pathological functions (42-44). PDES5 inhibitors have
successfully treated erectile dysfunction, lower urinary symp-
toms, and pulmonary arterial hypertension and are in exam-
ination for other conditions, including cardiovascular diseases
(43, 44). Considering these pharmaceutical applications of PDES
inhibitors, synthetic constructs that specifically recognize PDES
inhibitors could enable analytic methods to improve drug syn-
thesis and production, as well as to detect adulterants in illegal
products (45).

In this work, we identify and demonstrate an artificial molec-
ular recognition site that mimics the interaction between PDES
and its inhibitor Vardenafil. The corona phase around the SWNT
is shown to possess functional similarities to the H-loop subunit
of PDES, suggesting that synthetic CoPhMoRe can realize prop-
erties of natural recognition systems. A library of 24 amphiphilic
polymers wraps SWNT surfaces during ultrasonic processing and
forms corona phases, one of which is shown to selectively interact
with Vardenafil. For this recognition interaction, we examine its
affinity and specificity, its sensitivity to corona composition, and
its comparison with the natural PDES enzyme. Together with
molecular dynamics simulations, we show that the interaction
with Vardenafil results from the unique corona phase configura-
tion, leading to a similar specificity to that of the PDES enzyme.
We conclude that CoPhMoRe can mimic key aspects of biolog-
ical recognition sites and provide a strategy for pharmaceutical
applications.

Results and Discussion

Corona Phase Recognition Targeting Vardenafil. The project to
build artificial molecular recognition sites for a panel of bio-
logically active, small molecules starts with a designed library
of 24 amphiphilic polymers capable of forming corona phases
with SWNTs (Fig. 1 4 and B). The design element focuses on
the composition and the relative weighting of the hydrophobic
and hydrophilic segments. The hydrophobic portion uses aro-
matic domains like styrene and its derivatives for their strong
m—m stacking on the nanotube surface, serving as anchors
for overall polymer adsorption; the hydrophilic portion com-
poses functional monomers such as methacrylic acid, styrene
sulfonate, and maleimide, responsible for supramolecular inter-
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actions with analytes, as well as aqueous stability. Postpolymer-
ization modifications with amino acids are introduced to increase
the structural and conformational diversity (Fig. 1B). Based on
the monomer structures, the library of amphiphilic polymers
is preselected considering the synthetic feasibility, the aque-
ous stability, and whether the polymers can form stable corona
phases around SWNTs. The 24 selected polymers are synthesized
using reversible addition-fragmentation chain transfer (RAFT)
polymerization for narrow polydispersity. The abbreviations for
polymer names are assigned using their monomers’ acronym
(Fig. 1B), followed by the composition percentage of the first
monomer (for example, the polymer poly(methacrylic acid-co-
styrene) [MA-ST-90] is made of methacrylic acid and styrene at
a 90:10 ratio). (See SI Appendix for polymer characterizations.)
High-pressure carbon monoxide SWNTs are used to screen var-
ious chiral species. SWNTs complexed with various polymer
corona were synthesized by ultrasonic processing in aqueous
polymer solution, where amphiphilic polymers adsorb and adopt
different configurations at the nanotube surface (see SI Appendix
for polymer—nanotube suspension preparation). Residual SWNT
aggregates were removed by ultracentrifugation (105,000 relative
centrifugal force for 4 h). The resulting colloidal solutions are
characterized by ultraviolet-visible-near-infrared (UV-vis-nIR)
absorption spectroscopy and dark-field scattering microscopy.
Fig. 1C shows the UV-vis-nIR absorption spectrum for the MA-
ST-90 corona phase, where the distinct and sharp peaks of Eq;
and Ey, transitions indicate the successful isolation and suspen-
sion of individual SWNTs. Fig. 1D shows the distribution of the
nanotubes’ hydrodynamic size, collected by tracking the Brown-
ian motion of individual nanotubes through dark-field scattering
microscopy. The result shows a single population of isolated
nanoparticles, with a hydrodynamic size around 60 nm.

By interacting the resulting corona phases and therapeutic
molecules, we have identified a corona that specifically recog-
nizes Vardenafil. More specifically, therapeutic molecules are
introduced into SWNT colloidal solutions, where the corre-
sponding nlIR spectral change of nanotubes is examined. The
spectral response of each nanotube chirality is quantified by
deconvoluting the emission spectra (Fig. 1E). The chirality of
carbon nanotubes is indexed by a pair of integers (n,m) (37).
If we imagine single-walled carbon nanotubes are rolled-up
graphene sheets, the integers (n,m) define the length and the
chiral angle of the roll-ug vector. The diameter is proportional
to the square root of n? 4 n x m +m?. For SWNTs of (6,5)
and (8,3) chirality, most of corona phases show little intensity
change in response to analytes (Fig. 24). Most of these changes
are less than 15% and are possibly due to concentration vari-
ations among triplicates. [These types of small variations are
commonly observed in the spectra of nanotubes (34, 36, 46).]
For polymer coronas that exhibit strong spectral change, some
respond to multiple analytes, suggesting nonspecific interactions.
For example, Vardenafil, Bupropion, and Sumatriptan all trig-
ger more than 20% intensity increase in MA-ST-G-75 wrapped
SWNTs. In contrast, MA-ST-90, composed of methacrylic acid
and styrene, demonstrates a 26% intensity reduction, exclu-
sively in response to Vardenafil. In addition, among all of the
corona phases, Vardenafil exhibits a strong emission reduction
only with this corona phase. Moreover, considering that almost
all intensity changes in methacrylic acid polymers are turn-
on responses, it is especially unique to have a strong turn-off
response in MA-ST-90 corona. All these features suggest that it
is a molecule-specific recognition of Vardenafil by this polymer
corona phase.

By expanding the analyte library to 22 small molecules of dif-
ferent structures and hydrophobicity, we have confirmed that the
recognition is not due to physical adsorption and is specific. This
analyte library is chosen to examine whether nonspecific adsorp-
tion is driving the interaction observed between Vardenaifl and
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Fig. 1. Library of target analyte molecules, monomer constituent components, and SWNT colloidal solution characterizations. (A) Chemical structures of five
therapeutics as CoOPhMoRe screening substrates. (B) Chemical structures of hydrophobic and hydrophilic monomers used for polymer library construction
and postpolymerization modifications using amino acids. (C) The UV-vis-nIR absorption spectrum of SWNTs with the MA-ST-90 polymer corona, showing
distinct and sharp peaks of Eq; and E,, transitions, indicating the successful isolation of individual SWNTs. (D) Dark-field scattering microscopy is used to
analyze the hydrodynamic size of individual nanotubes based on their Brownian motion, showing a single population with MA-ST-90 corona, with an
average hydrodynamic size about 60 nm. (E) The near infrared emission spectrum of nanotubes under 785 nm excitation is deconvoluted to quantify the
contribution of each chirality. Changes in emission spectra are used to quantify the interaction between analytes and corona phases.

the MA-ST-90 corona phase. Because hydrophobicity plays an
essential role in nonspecific adsorption on carbon nanotubes,
the analyte molecules cover a broad spectrum of hydrophobic-
ity. Based on the nIR spectral change (Fig. 2B), the MA-ST-90
corona phase does not appear to show strong interactions with
any other analyte. In addition, we did not observe any correlation
between the hydrophobicity of analytes and the emission modu-
lation (Fig. 2C). Since hydrophobicity is essential in nonspecific
adsorption on nanotubes, the lack of such correlation indicates
that the recognition of Vardenafil by corona MA-ST-90 is not
caused by nonspecific adsorption, but by a specific interaction.
Besides the analyte specificity, we have also confirmed that
the emission intensity reduction of SWNTs is not a result of
nanotube aggregation. The hypothesis is that if Vardenafil non-
specifically disrupts the electrostatic repulsion between SWNTs,
it will cause bundling of nanotubes, which will reduce the
nlR emission intensity. By using a dark-field scattering micro-
scope to track an individual nanoparticle’s Brownian motion,
we have quantified the hydrodynamic size of SWNTs. As shown
in Fig. 2D, the distribution of nanotube hydrodynamic size is
consistent regardless of the presence of Vardenafil (66 nm vs.
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68 nm), falsifying the bundling hypothesis. Thus, the nIR spec-
tral change observed in MA-ST-90 corona phase is not a result
of nanoparticle aggregation.

These investigations demonstrate that the recognition of Var-
denafil by the MA-ST-90 corona is not attributable to physical
properties of analyte or nonspecific interactions among particles,
supporting the specific recognition mechanism. The following
section examines the nature of this recognition interaction.

Recognition Mechanism.

Structural properties of poly(methacrylic acid-co-styrene).
The recognition interaction appears highly sensitive to the
hydrophilic-hydrophobic composition of the corona phase.
Polymer MA-ST-70, made of the same monomers as in
MA-ST-90, does not show a strong interaction with Vardenafil
in the initial screening (Fig. 24). MA-ST-90 has a hydrophilic—
hydrophobic ratio of 90:10, in comparison to 70:30 in MA-ST-70.
Moreover, as the Vardenafil concentration increases from 1
to 6 uM, the emission of (6,5) and (8,3) nanotubes with the
MA-ST-90 corona exhibits a 15 to 35% reduction (Fig. 3 4 and
C). In contrast, nanotubes with the MA-ST-75 corona, which has

Dong et al.
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drug analytes. (A) A library of amphiphilic polymers was preselected and syn-

thesized to form corona phases on SWNTs. The nanotubes’ near infrared emission change is examined when therapeutic molecules are introduced. The
colormap plots the relative intensity change of nanotubes of (6,5) and (8,3) chirality in response to analyte molecules. With the MA-ST-90 corona, nanotubes
exhibit strong quenching in response to Vardenafil, in contrast to other corona phases that do not show strong specific change. MI-VBA: poly(maleimide-co-
3-vinylphenylboronic acid); SS-ST: poly(styrene sulfonate-co-styrene); SS-VBZA: poly(styrene sulfonate-co-4-vinylbenzoic acid). (B) When the analyte library
is expanded to 22 small molecules, Vardenafil remains as the only analyte that causes strong nIR emission change in MA-ST-90 corona. (C) No correlation is
observed between the emission intensity change and the hydrophobicity of analyte, indicating that the fluorescent quenching associated with Vardenafil
is not due to nonspecific hydrophobic interaction. (D) The hydrodynamic size of nanotubes with MA-ST-90 corona phase is not influenced by Vardenafil

binding (66 nm vs. 68 nm), falsifying the hypothesis that the quenching is a

a hydrophilic-hydrophobic ratio of 75:25, show a much smaller
intensity modulation, and the modulation is not concentration
dependent (Fig. 3 B and C). In addition to the intensity change,
for the MA-ST-90 corona, the wavelength of (6,5) emission
redshifts, which increases with the analyte concentration,
reaching about 4 nm at 5 uM, whereas the MA-ST-75 emission
wavelength does not change (Fig. 3F). Besides the emission
spectra, we have also scanned the excitation wavelengths using
a supercontinuum laser and collected the excitation-emission
spectra to examine the resonant emissions of nanotubes. Similar
intensity and wavelength changes are observed for MA-ST-90
as in the emission spectra (Fig. 3D and SI Appendix). No major
change is observed for MA-ST-75 (Fig. 3E and SI Appendix).
Results from both spectroscopic methods demonstrate that the
high hydrophilic-hydrophobic ratio is essential for the recogni-
tion of Vardenafil. Because a higher MA:ST ratio is associated
with fewer hydrophobic “anchors,” such a necessity on the
composition ratio indicates that the recognition interaction
requires the corona to be relatively flexible. Flexibility ensures
that when Vardenafil approaches, the polymer corona can adapt
its configuration to enable a strong interaction with the analyte.
Changing polymer length can also modulate the response of
corona phases to the analyte. Interestingly, when MA-ST-90
lengthens from 10 to 14 kDa (Mp), the emission intensity of
(8,3) + (6,5) SWNTs changes from a reduction to an increase
in response to Vardenafil (Fig. 44; see SI Appendix for gel per-
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result of nonspecific particle aggregation caused by Vardenafil.

meation chromatography results). Both systems show redshifts
of the emission wavelengths. The trend is consistent when more
polymers are examined and when different analyte concentra-
tions are used. Six polymers with molecular weight from 10.4 to
15.1 kDa are used to prepare corona phases. As the polymer
lengthens, the emission intensity modulation gradually changes
from a turn-off to a turn-on response, regardless of the analyte
concentration (Fig. 4C). For each polymer length, by calibrat-
ing the concentration-dependent emission intensity change, we
extract the affinity between Vardenafil and the corona phase
(Fig. 4D; the R-squared values for fittings are 0.97, 0.78, 0.96,
0.97, 0.88, and 0.93, from low to high polymer weight). For poly-
mers of all lengths, the dissociation constant (Kp) values are
on the order of micromolar, with the lowest being 0.5 uM. The
results demonstrate that the binding affinity between Vardenafil
and our corona phase is in the range of antibody affinity (47, 48)
and can be modulated by changing polymer length. The limits
of detection range from 0.02 to 0.2 uM. On the other hand, the
wavelength shifts of (6,5) SWNTs are similar among all polymer
lengths: all toward lower energy by 2 to 4 nm (Fig. 4B). The con-
sistent wavelength change suggests that regardless of the polymer
length, the binding of Vardenafil to the corona exerts a similar
change on the dielectric environment surrounding SWNTs.

The different emission intensity modulations associated with
polymers of different lengths result from different surface cov-
erage of corona on the SWNTs. We used two methods to
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Fig. 3. The hydrophilic-hydrophobic ratio of the polymer corona influences the recognition interaction. (A) The colormap shows the emission intensity
modulation of nanotubes when Vardenafil of different concentrations is introduced to the MA-ST-90 corona. Nanotubes of (6,5) and (8,3) chirality show
a gradual emission reduction as the concentration of Vardenafil increases. (B) The emission modulations with the MA-ST-75 corona, which has a lower
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introduced (1 to 6 nuM), the emission spectra of nanotubes show a strong intensity decrease and a wavelength shift, with the MA-ST-90 corona, but not
with the MA-ST-75 corona. (D) The excitation-emission spectrum presents resonant emission peaks of SWNTs, where each peak corresponds to one chirality
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redshifts as a result of Vardenafil binding (red circles). The magnitude of redshifts increases with the analyte concentration. However, spectra of MA-ST-75
corona do not present a peak shift, regardless of the analyte concentration (blue squares). Color bars in heat maps are all in units of percentage.

characterize the surface coverage of nanotubes: 1) an analysis  in Fig. 4E, compared to the 10-kDa polymer, the 14-kDa polymer
of the solvatochromic shifts of SWNT emissions and 2) a tech-  has a smaller slope in the solvatochromic plot, correlating to a
nique based on the titration and adsorption of a probe molecule.  smaller dielectric constant and a larger surface coverage (59.5%,
The former method was introduced previously (33, 40) and char-  in comparison to 34.2%). When comparing corona phases of
acterizes solvatochromic shifts of resonant emissions for each  variable polymer lengths (Fig. 4F), there is a decrease of slope
chirality of nanotubes. The resonant emissions are extracted c in the solvatochromic plot and an increase of nanotube surface
from excitation—emission spectra of SWNTSs (Fig. 3D). Based on  coverage, from less than 40 to 60%, as the polymer lengthens:

a semiempirical estimation (33, 40), when compared with pris-

tine nanotubes in air or vacuum, the transition energy shift of

the corona-wrapped SWNTSs (A E1 ;) is correlated to the effective (B )?AE Ik 2(e—=1) 2(n°—-1) 1\ ¢ i
dielectric constant (e.) around nanotubes, which is approxi- 1 n= 2 +1 M2+ 1 di )T A
mated as a linear combination of the dielectric constants of water 2

and polymer (Egs. 1-3). The ratio of this linear combination g =1 " —1

(a) is determined by the surface coverage of SWNTs (see SI e _ 2+l 22+1 2]
Appendzx for details). In general in the solvatochromic plot of Cof Eref — 1 nr2ef -1

E3 AEy vs. 1/d4 where d is the diameter of nanotubes, the big- Yerr -1 22, +1
ger the slope c is, the bigger the effective dielectric constant (Egs. f ref
1 and 2) and the smaller the surface coverage (Eq. 3). As shown Eeff = OEpolymer + (1 — ) Ewater, [31
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Fig. 4. Polymer length modulates the corona phase’s response to the analyte. (A) The nIR emission spectra show that in response to 2 uM Vardenafil,
nanotubes wrapped with different lengths of poly(methacrylic acid-co-styrene) exhibit opposite emission intensity change. The 10-kDa polymer corona
shows a turn-off response, while the 14-kDa corona shows a turn-on response. Both systems show redshifts of the emission wavelengths. (B) The colormap
depicts the (6,5) peak shift in nanotubes’ emission spectra when polymer length varies. For each analyte concentration, corona phases made of MA-ST-
90 of different lengths, from 10 to 15 kDa, show similar redshifts of the (6,5) peak. (C) For (6,5) + (8,3) SWNTs, when the polymer lengthens from 10 to
15 kDa, the emission intensity modulation gradually changes from a turn-off to a turn-on response, consistent over different Vardenafil concentrations. (D)
The concentration-dependent intensity responses are calibrated to calculate the affinity between Vardenafil and the corona phase. The lowest dissociation
constant (Kp) is 0.5 uM, in the range of antibody affinity (47, 48), indicating a strong recognition interaction. (E) Solvatochromic plots are analyzed to
extract the effective dielectric constant around SWNTs, for characterizing the polymer coverage on the nanotube surface (Egs. 1-3). The calculated surface
coverage by the 10-kDa polymer is 34.2% (black squares), much smaller than that of the 14-kDa polymer, which is 59.5% (red circles). (F) Based on the
slopes of solvatochromic plots (black solid squares), polymers that are longer than 12 kDa have a greater coverage on nanotubes (about 60%, blue open
triangles) than the shorter polymers. (G) In the probe adsorption method, the concentration ratio between SWNTs and adsorbed riboflavin (Csynr /Cags) is
plotted against the inverse of free riboflavin concentrations, where the linear slope is inversely proportional to the number of vacant sites on nanotubes.
The linear slope increases as the polymer lengthens, indicating a decrease in the vacant sites on SWNTs. In addition, when coronas of different polymer
lengths are mixed with the same amount of riboflavin (0.5 M), MA-ST-90 coronas of longer polymers correlate to higher concentrations of free dyes (red
box), suggesting that these SWNTs have smaller exposed surface areas. This adsorption analysis reaches the same conclusion as the solvatochromic method:
Longer polymers have higher surface coverage on SWNTs.

where Ey; is the transition energy of corona-wrapped SWNTs We arrived at similar conclusions about the surface coverage
in colloidal suspension, A E1; is the transition energy shift com- by quantifying the hydrophobic dye adsorption to the exposed
pared with pristine SWNTSs in air or vacuum, L is a fluctuation  surface of SWNTs, using a technique recently developed in our
factor, £ is a scaling constant of the SWNT polarizability, d is the  laboratory (49). More specifically, as riboflavin is titrated with
nanotube’s diameter, c is the slope in the linear fitting in Eq. 1, a SWNT colloidal solution, it adsorbs onto the exposed SWNT
¢ is the dielectric constant, ) is the reflective index, and « is the ~ surface as a result of hydrophobic interactions, quenching the
percentage of coverage of nanotube surface. fluorescence of riboflavin. The adsorption amount is propor-
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tional to the exposed SWNT surface area, and can be quantified
by calibrating the emission intensity of riboflavin. The linear plot

R . . C K, _d;
in Fig. 4G is governed by the equation: —2~ — ZSWNTdye
Cads q

cl + %, where Cswnr is the concentration of SWNTS, ¢4 is
Afree

the concentration of adsorbed riboflavin, ¢, is the concentra-
tion of free riboflavin, Kswnr-aye is the dissociation constant of
riboflavin adsorption, and ¢ is the number of vacant sites per car-
bon atom (see SI Appendix for detailed derivation). Because it
is a physical adsorption process, it is reasonable to assume that
Kswn1-dye 1s a constant among different coronas; therefore, the
slope of the linear fitting, Kswnr-aye/ g, is inversely proportional
to the number of vacant sites (gq).

As highlighted in the red box in Fig. 4G, where the same
amount of riboflavin (0.5 uM) is introduced to SWNT solutions
with different corona phases, the free riboflavin concentration
increases as the corona polymer lengthens, indicating a reduc-
tion of nanotube surface exposure. In addition, as shown in
Fig. 4G, the slopes of the linear fittings (Kswn7-dye/q) increase
from 1,066 to 1,568 uM as the polymer lengthens, suggesting
that the number of vacant sites (¢) decreases. Thus, the exposed
hydrophobic surface area decreases as the polymer length-
ens, which is consistent with the results from solvatochromic
shifts. Although the two methods have different mechanisms and
assumptions and are not expected to directly correlate, they have
demonstrated the same trend: the longer polymers have higher
surface coverage on SWNTs. Overall, since shorter polymers
have less coverage on SWNTs, Vardenafil’s binding to the corona
phase is likely to interfere with the SWNTSs’ bandgap and cause
nIR emission quenching. When the polymers are longer, the sur-
face coverage is higher and the interference with the bandgap is
not efficient; thus the nIR fluorescence increases as a result of
the modulation of corona configuration.

We find that methacrylic acid and styrene in the polymer com-
position are both essential for the corona phase to recognize
Vardenafil. Two control polymers, poly(acrylic acid-co-styrene
(AA-ST) and poly(methacrylic acid-co-vinylphenylboronic acid)
(MA-VBA), are synthesized, replacing either the methacrylic
acid or the styrene. Both polymers are made of a 90:10
hydrophilic-hydrophobic ratio like in MA-ST-90, with the poly-
mer length around 10 kDa (AA-ST-1 and MA-VBA-1) or 15 kDa
(AA-ST-2 and MA-VBA-2). None of these control polymers
was able to generate a corona phase that recognizes Vardenafil,
demonstrated by the lack of nIR spectral change of SWNTs
when Vardenafil was introduced (Fig. 5 A and B). When ana-
lyzing the differences among these coronas, we found that both
the AA-ST and MA-VBA corona phases exhibit similar emis-
sion intensity among different chiralities, whereas the MA-ST
corona phase has a dominant (6,5) + (8,3) emission (Fig. 5C).
Considering that the (6,5) + (8,3) nanotubes have the strongest
interaction with Vardenafil (Figs. 24 and 34), such a preference
of small diameter nanotubes by the MA-ST corona appears crit-
ical for the recognition. On the other hand, when compared with
AA-ST and MA-VBA, the MA-ST corona has a much higher
surface coverage of SWNTs. As shown in Fig. 5 D, Inset, when
0.5 uM riboflavin is mixed in SWNT solutions, less than 30%
of the dyes are free when the corona is composed of control
polymers, compared to more than 50% of dyes are free when
the corona is made of MA-ST. This trend is consistent among
different concentrations of riboflavin (Fig. 5D). In the adsorp-
tion plots, the slope of the MA-ST corona (Kswnr-aye/q) is
three times larger than those of MA-VBA and AA-ST coro-
nas, indicating it has much smaller vacant sites on SWNTs and
confirming that the MA-ST corona has a much higher surface
coverage.

In addition to experimental results, molecular dynamics sim-
ulations based on three starting polymer configurations reveal
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a “binding-pocket” configuration of the MA-ST corona on the
SWNT surface, but not of the AA-ST or the MA-VBA corona.
The configurations are simulated in the presence of water for
70 ns to reach thermal and density equilibrium in the NPT
ensemble (T = 300 K, P = 1 bar), using the GROMACS pack-
age. A 2,200-Da segment for each polymer and one unit cell
length of (6,5) SWNT are used in each simulation. Instead of
starting with the polymer placed far off from the nanotube and
simulating a very long molecular dynamics trajectory (50), in
the initial configurations, the polymer was kept within 3 nm of
the nanotube surface to facilitate quick binding. (For simulation
details, please refer to SI Appendix.) In reaching equilibrium, the
MA-ST polymer is shown to gradually wrap around the SWNT,
reducing the solvent-accessible surface area from 15.03 to
13.43 4 0.17 nm? and the polymer—nanotube distance to 1.88 nm.
The resulting configuration forms a binding pocket enclosed by
the nanotube and polymer surfaces (Fig. 5E). In contrast, the
folding of AA-ST on the SWNT surface reduces the solvent
access surface area from 15.03 to 14.59 + 0.10 nm?, a smaller
reduction, and does not form a stable binding configuration. For
MA-VBA, the solvent access surface area reduces from 15.03
to 14.54 + 0.23 nm?, without a binding configuration. All three
polymers were extended into water in their initial configurations,
and only MA-ST forms a binding-pocket configuration at the
end. The higher surface coverage by the MA-ST corona is in
agreement with the experimental results. Both the experimen-
tal and simulation results support that the specific recognition
of Vardenafil results from the unique corona structure of MA-
ST on nanotubes. Future simulation work could explore the free
energetics of adsorption of Vardenafil onto the corona phase.
MA-ST corona phase in mimicking PDE5 for Vardenafil recog-
nition. In comparison with the natural recognition site PDES,
MA-ST corona phase selectively binds to two inhibitors, Var-
denafil and Sildenafil, and not to inhibitor Tadalafil and the
substrate. As shown in Fig. 64, the biochemical role of Varde-
nafil is to interrupt the enzymatic function of PDES in converting
¢GMP to GMP. Besides Vardenafil, Sildenafil and Tadalafil are
also PEDS inhibitors. When these analytes are introduced into
solutions of MA-ST-90 (15 kDa) wrapped nanotubes, only Var-
denafil and Sildenafil cause strong spectral responses, whereas
c¢GMP and Tadalafil did not (Fig. 6B), suggesting selective recog-
nition of Vardenafil and Sildenafil. This observation aligns with
their different interactions with PDES5: Sildenafil has a very
similar chemical structure to Vardenafil and interacts with the
same residues in the H loop of the catalytic site in PDES5 (43);
Tadalafil, on the other hand, has a different structure and inter-
acts mainly with the M loop of the catalytic site (43, 51). As the
substrate, cGMP binds to both the catalytic site and the allosteric
site, whereas the inhibitors do not, indicating a different bind-
ing mechanism of the substrate (52-54). The observed selectivity
suggests that the MA-ST corona phase may be structurally simi-
lar, or have similar chemical interactions, to the H loop in PDES.
A further look at the affinity shows that Sildenafil consistently
causes smaller emission modulations of SWNTs than Vardenafil
(Fig. 6C), likely linked to a smaller binding affinity to the corona
phase. This trend is comparable to the binding between PDES
and Vardenafil being 10- to 40-fold stronger than the binding
with Sildenafil (43), supporting the idea that the H loop and the
MA-ST corona share structural or chemical similarities.

In addition to the selectivity, in the presence of enzyme inter-
ference, the interaction between the MA-ST corona and Var-
denafil is outcompeted. When Vardenafil was introduced into a
colloidal solution of MA-ST SWNTSs along with PDE5a (a subset
of PDES), Vardenafil’s binding with the corona phase gradually
weakens as the PDE5a concentration increases (Fig. 6D). When
the molar ratio between PDE5a and Vardenafil reaches 1:5, no
nIR spectral change of nanotubes is observed, suggesting that
PDES5a outcompetes the corona phase. This result underscores
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Fig. 5. The monomer units, methacrylic acid and styrene, are essential in the polymer composition for the recognition of Vardenafil. (A and B) The emission
intensity (A) and peak wavelength (B) modulations in nIR spectra when analytes are introduced to SWNT solutions with different corona phases. When
methacrylic acid is replaced with acrylic acid, or when styrene is replaced with 3-vinylphenolboronic acid, the resulting corona phase AA-ST and MA-VBA
do not show a strong interaction with Vardenafil. Neither the intensity (A) nor the wavelength (B) in emission spectra exhibits a substantial change. (C)
The emission spectra of the corona phases reveal that MA-ST has a preference for small diameter nanotubes—dominant (8,3) and (6,5) peaks—while the
other two coronas do not. (D) By titrating the riboflavin adsorption, we find that SWNTs with MA-ST coronas have a greater slope in the linear fitting,
indicating a higher surface coverage of SWNTs compared to the MA-VBA and AA-ST coronas. When 0.5 uM of riboflavin is introduced into different SWNT
solutions, more than half of the dye molecules are free with the MA-ST corona, whereas less than 30% are free with the AA-ST or MA-VBA corona (/nset).
(E) Molecular dynamics simulations reveal the corona configurations at thermal and density equilibrium: MA-ST has a higher surface coverage and forms
a binding pocket on nanotubes, whereas AA-ST and MA-VBA do not. The shown configurations are representable of the configurations in the last 10 ns
of the simulations, based on the rmsd analysis (see S/ Appendix for details). Water molecules have been omitted from the simulation snapshots for clarity.
Atom colors: C in nanotubes, gray; C in polymer, silver; O, blue; H, red; B, light gray.
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that PDES5a has a higher binding affinity with Vardenafil than
that of the corona phase, likely due to the high flexibility of the
catalytic H loop and its strong intermolecular force with Varde-
nafil (43). This disruption of recognition, in the presence of a
competitor of higher binding affinity, further illustrates that the
MA-ST corona phase has a specific interaction with Vardenafil.
Molecular dynamics simulations reveal that Vardenafil docks
into an identified binding pocket of the MA-ST corona phase,
resulting in the recognition (Fig. 6 E, Bottom). The initial

Dong et al.

polymer configuration is the simulated configuration shown in
Fig. SE. The recognition shares similar intermolecular inter-
actions to those when Vardenafil binds to PDESa (Fig. 6 E,
Top) (43). The propyl-imidazotriazinone of Vardenafil stacks
on aromatic rings in SWNTs, similar to their interaction with
residue Phe820 in the enzyme. It also feels the van der Waals
force from the polymer backbone as with residue Leu765.
The ethoxy group orients to a hydrophobic pocket formed by
the nanotube surface and the polymer backbone. The phenyl
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Fig. 6. The MA-ST corona phase mimics PDES5 in its Vardenafil recognition. (A) The biochemical role of Vardenafil is to bind PDE5 and to interrupt its
function in converting cGMP to GMP. The structures of cGMP, Vardenafil, and two other PDE5 inhibitors—Sildenafil and Tadalafil—are shown. All these
four molecules interact with PDE5 directly. (B) The emission spectra show the nIR responses of the MA-ST corona phase, when PDE5 substrate (cGMP) and
inhibitors are introduced. Only Vardenafil and Sildenafil exhibit strong interactions with the MA-ST corona. (C) The emission intensity modulations increase
with the concentrations of Sildenafil and Vardenafil. The magnitude is notably smaller for Sildenafil. The error bars are shown for all data points. (D) The nIR
spectra of MA-ST SWNTs in response to Vardenafil, when different concentrations of PDE5a are present. The PDE5a enzyme interferes with the interaction
between Vardenafil and the MA-ST corona phase, gradually eliminating the spectral response as the enzyme concentration increases. Inset shows the relative
intensities of the (6,5) + (3,8) emissions at different PDE5a concentrations. (E) Thermal and density equilibrated molecular dynamics simulation snapshot
demonstrates the docking of Vardenafil in the binding pocket of MA-ST corona phase (Bottom). It shares similar intermolecular interactions (blue dashed
lines) as when Vardenafil binds to PDE5a in the crystal structure (Top) (43). The shown configuration is representable of the configurations in the last 10 ns
of the simulation, based on the rmsd analysis (see SI Appendix for details). Water molecules have been omitted from the simulation snapshots for clarity.
Atom colors in Vardenafil: C, green; N, blue; O, red; S, yellow. Atom colors in polymer: C, light red; O, red; H, white. Atom colors in PDE5a residues: C, light

red; N, blue; O, red; S, yellow. C atoms in nanotubes are in gray.

group experiences w—7 stacking with SWNTs. The sulfon-
amide group interacts with the carboxylic acid group in the
MA-ST polymer as with residue Cys677 in the enzyme. The
ethylpiperazine group orients toward the polymer. Through the
recognition process, the underlying SWNT gains more cover-
age (reducing the solvent accessible surface area from 13.43 +
0.17 nm to 12.98 + 0.40 nm?), and the distance between Var-
denafil and SWNT is reduced from 1.90 to 1.22 nm. The rmsd of
atomic positions of Vardenafil in these two environments is small
(0.25 nm), indicating an extent of similarity between Vardenafil
binding to the MA-ST corona phase and to the PDE5a enzyme.
We also observe that the corona adopts a slightly different con-
figuration compared to that before the binding, supporting our
experimental observation that some flexibility is needed in the
polymer composition to facilitate the recognition. Similar con-
figurational changes are known to occur when Vardenafil binds
to the H loop in PDES (55), further illustrating the binding
similarity of our corona phase and the natural enzyme.

Such a synthetic mimic of enzyme binding enabled by corona
phase recognition will be invaluable for both fundamental
research and biomedical applications. The more immediate
application is to use the nanostructure as an analytical method to
detect and analyze target therapeutics, in fundamental research
and in drug production. Its sensitivity, speed, potential for minia-
ture devices, and capacity for label-free examination are features
desired for sensors in these applications. In the long term, corona
phase recognition may serve as a platform to study endoge-

26624 | www.pnas.org/cgi/doi/10.1073/pnas.1920352117

nous biomarkers, such as examining their transient interactions
in vitro/in vivo and studying cell surface receptors. Given the
complexity of therapeutic modalities, analytical methods like
the one presented here will enable capacities to study unmet
biomedical needs and will be in strong demand to tackle the
challenges.

Summary

We have generated a synthetic mimic of PDES5 to bind its
inhibitor Vardenafil, using single-walled carbon nanotube tem-
plated corona phase recognition. Among a library of amphiphilic
polymers, the corona phase made of poly(methacrylic acid-co-
styrene) stands out for its specific binding to Vardenafil. The
interaction is proved to be highly sensitive to the polymer struc-
ture: The change of polymer composition sabotages the recog-
nition; and the change of polymer length modulates the spectral
response. In comparison with the natural binding enzyme, the
MA-ST corona phase recognizes only Vardenafil and a struc-
ture very similar to it, but not the other inhibitor or substrate,
indicating that the corona shares similar properties to the H
loop of PDES. The corona phase has a smaller binding affinity
than the enzyme, as the interaction is disrupted in the pres-
ence of PDESa. Molecular dynamics simulations based on three
starting polymer configurations demonstrate that the recogni-
tion is associated with a binding pocket in the MA-ST corona
on nanotubes, which is responsible for the intermolecular inter-
actions with Vardenafil. This unique nanostructure presents a

Dong et al.


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1920352117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1920352117

Downloaded at MIT LIBRARIES on June 17, 2021

stable, sensitive artificial recognition site with tunable affinity for
inhibitors and will open up possibilities for pharmaceutical and
biological applications.

Materials and Methods

Please see S/ Appendix for materials, characterization methods, polymer
synthesis and characterization, polymer-SWNT suspension, fluorescence
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