Downloaded viaTEL AVIV UNIV on June 13, 2022 at 08:23:52 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

www.acsnano.org

Dendron—Polymer Hybrids as Tailorable
Responsive Coronae of Single-Walled Carbon
Nanotubes

Verena Wulf, Gadi Slor, Parul Rathee, Roey J. Amir,* and Gili Bisker™

I: I Read Online

Article Recommendations |

Cite This: ACS Nano 2021, 15, 20539-20549

ACCESS ‘ [l Metrics & More | @ Supporting Information

ABSTRACT: Functional composite materials that can change their
spectral properties in response to external stimuli have a plethora of
applications in fields ranging from sensors to biomedical imaging. One
of the most promising types of materials used to design spectrally
active composites are fluorescent single-walled carbon nanotubes
(SWCNTs), noncovalently functionalized by synthetic amphiphilic
polymers. These coated SWCNTs can exhibit modulations in their
fluorescence spectra in response to interactions with target analytes.
Hence, identifying new amphiphiles with interchangeable building
blocks that can form individual coronae around the SWCNTs and can
be tailored for a specific application is of great interest. This study presents highly modular amphiphilic polymer-dendron
hybrids, composed of hydrophobic dendrons and hydrophilic polyethylene glycol (PEG) that can be synthesized with a high
degree of structural freedom, for suspending SWCNTs in aqueous solution. Taking advantage of the high molecular precision
of these PEG-dendrons, we show that precise differences in the chemical structure of the hydrophobic end groups of the
dendrons can be used to control the interactions of the amphiphiles with the SWCNT surface. These interactions can be
directly related to differences in the intrinsic near-infrared fluorescence emission of the various chiralities in a SWCNT
sample. Utilizing the susceptibility of the PEG-dendrons toward enzymatic degradation, we demonstrate the ability to monitor
enzymatic activity through changes in the SWCNT fluorescent signal. These findings pave the way for a rational design of
functional SWCNTs, which can be used for optical sensing of enzymatic activity in the near-infrared spectral range.
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applications as biomedical sensors, mainly due to their

intrinsic fluorescence emission in the near-infrared
(NIR) transparency window of biological tissue, that allow
for in vitro and in vivo sensing also in deeper tissue.'”’
SWCNTs can be described as graphene sheets rolled up into
cylinders, resulting in nanotubes with different (n,m)-
chiralities, depending on their roll-up vector.® The fluorescence
emission peak intensities and wavelengths of a SWCNT-
sample are dependent on its composition of nanotubes with
different chiralities and the dielectric environment and are
usually between 900 and 1500 nm.” "’

Owing to their graphene-like surface, SWCNTs are highly
hydrophobic nanostructures that require functionalization with
dispersants such as low molecular weight surfactants,"” single-
stranded DNA,"® RNA,'* suitable proteins,ls’16 peptides,”’18
peptoids,'” or amphiphilic polymers,”>*' in order to form
colloidal suspensions in aqueous media. The interactions
enabling a dispersant to bind the SWCNT surface are primarily

S ingle-walled carbon nanotubes (SWCNTs) find broad
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n—n stacking between the graphene lattice and aromatic
groups (DNA, polymers)'’ or hydrophobic interactions
(surfactants, phospholipids)."®

For sensing applications, the dispersing agents require either
to contain a recognition element specific for the desired
analyte (e, aptamers, antibodies, binding peptides)”**~** or
to wrap the SWCNTs forming a so-called corona phase that,
due to its structure, conformation, and charge is able to
selectively bind certain analytes.'”*™® The dispersants
forming the latter group are very often amphiphilic polymers

that do not suffer from effects like aging or biodegradation
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Figure 1. Polymer-dendron hybrids are modular amphiphilic macromolecules capable to disperse SWCNTs. (a) Schematic representation
and chemical structure of the amphiphilic polymer-dendron hybrids consisting of a hydrophilic polymer chain (purple) and a hydrophobic
dendron (gray) that bears hydrophobic end groups (red). (b) Polyethylene glycol (PEG, § kDa) serves as the hydrophilic chain, coupled to a
dendron branching into four identical hydrophobic end groups. The hydrophobic end groups, naphthyl, naphthoate, pentyl, and hexanoate,
differ in their aromaticity (naphthalene-based or aliphatic) and in the orientation of an ester group. (c) Functionalization of SWCNTs with
the polymer-dendron amphiphiles (SWCNT@PEG-dendrons) was performed via surfactant exchange from sodium cholate suspended
SWCNTs (SWCNT@SC). SWCNT@SC together with PEG-dendrons are dialyzed against water to slowly remove sodium cholate and
enable attaching of the PEG-dendrons. (d) Absorption spectra of the SWCNT@PEG-dendrons, here shown for SWCNT@PEG-D-pentyl
(yellow solid line), compared to the initial absorption of SWCNT@SC (black dashed line), show a red shift consistent with a change in the
dielectric environment of the SWCNTs, due to the binding of the PEG-dendron amphiphiles.

compared to aptamers or binding proteins. Upon the
interaction with the target analyte, the emitted fluorescence
of the SWCNTSs is modulated. Corona-based recognition was
reported for different types of analytes, including small
biomolecules,”>***’ and even proteins.””***°~** The impor-
tance of the nature of the exposed, hydrophilic part of the
amphiphilic dispersant in forming an analyte-specific corona
phase is evident, but previous publications reveal that the
corona phase is also influenced by its hydrophobic anchor unit,
attached to the SWCNTs. For the recognition of fibrinogen,
SWCNTs suspended by a polyethylene glycol (PEG) polymer
coupled to a phospholipid with a chain length of 16 carbon
atoms were found to have the highest optical response, while
coupling to a phospholipid with 14 or 18 carbon atoms showed
significantly weaker response.”” This hints to the fact that the
polymer, which is exposed to the solution and thus to the
analyte, as well as the hydrophobic anchor of the amphiphile
both play equally important roles in the formation of the
corona phase.

Recently, several approaches have emerged for producing
libraries of amphiphilic linear copolymers and block copoly-
mers that can be used for suspending SWCNT for specific
applications.” These include combinatorial high-throughput
screening of a library of polymers,” > high-throughput
directed evolution,*®”” reversible addition—fragmentation
chain transfer polymerization,”’ and random peptide syn-
thesis.*”*! Nevertheless, challenges such as elaborated syn-
thesis, multiple processing steps, or limited control over the
final product, give rise to the need for different approaches for
generating a library of highly versatile amphiphilic polymers
with a wide range of molecular structures and functions. The
future of corona phase sensing applications is thus dependent
on the development of additional possibilities to create
libraries of amphiphilic molecules.
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Dendrons are tree-like molecular structures with multiple
end groups, depending on the number of branching points, i.e.,
the dendron generation, and a focal point that enables
coupling, e.g., to a polymer. Dendrons can vary in flexibility,
size, and hydrophobicity, providing high degrees of freedom
and molecular precision in creating hydrophobic structures.
Combining hydrophobic dendrons bearing hydrophobic end
groups with hydrophilic polymers, yields amphiphilic polymer-
dendron hybrids.**~** The stability of micellar assemblies of
these amphiphilic macromolecules, in particular PEG-dendron
hybrids, have been widely studied and found to be dependent
on the amphiphilic ratio between the polymer tail and the
hydrophobic dendron.**** Dendrons can be coupled to a
variety of polymers to create a library of amphiphilic molecules
with the ability to suspend SWCNTSs in aqueous environment
and providing designable wrapping agents to address the
requirements of a particular application.*® Previously, poly-
styrene coupled to pyrene-functionalized dendrons were
reported to suspend SWCNTs in THF,"” while hydrophilic
dendrons coupled to a hydrophobic alkyl-chain or pyrene have
been reported to suspend SWCNTSs in water, due to increasing
hydrophilicity with increasing dendron generation.**~>" Never-
theless, designing hydrophobic dendrons as the binding sites
provides a high degree of control over tuning their direct
interaction with the SWCNT surface.”

In this study, we present polymer-dendron hybrids as
modular amphiphilic agents for the suspension of SWCNTs in
aqueous media. The polymer-dendron hybrids designed for
this study are amphiphilic macromolecules consisting of three
structural elements (Figure 1a): (I) a linear polymer chain
serving as the hydrophilic block, whose hydrophilicity and
flexibility depends on its chemical composition and its length,
(1I) the dendron body acting as part of the hydrophobic block,
whose size, flexibility, and hydrophobicity are determined by
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Figure 2. Fluorescence emission of SWCNT@PEG-dendrons reveal chirality-dependent fluorescence emission for the different end groups.
(a) Normalized fluorescence excitation—emission spectra for SWCNT@PEG-D-naphthyl (I), SWCNT@PEG-D-naphthoate (II), SWCNT@
PEG-D-pentyl (III), and SWCNT@PEG-D-hexanoate (IV), each at a SWCNT concentration of 5 mg L™". Differences between the two
SWCNT@PEG-dendron samples with aromatic polymer-dendrons (I-II) and differences between the two SWCNT@PEG-dendron samples
with aliphatic polymer-dendrons (III-IV). Differences between the two SWCNT@PEG-dendron samples with their ester group in the same
orientation (I-III) and (II-IV). Arrows mark the fluorescence emission of the (6,5) and the (8,3) chiralities. (b) Normalized fluorescence
emission before (black) and after the addition of 0.2% (w/v) SDBS to a 1 mg L' suspensions of SWCNT@PEG-D-naphthyl (blue),
SWCNT@PEG-D-naphthoate (red), SWCNT@PEG-D-pentyl (yellow), SWCNT@PEG-D-hexanoate (purple). Insets: wavelength shift (A1)

of the (10,2) chiralities are calculated to be AA = —16.7 nm, 4.1 nm, —12.6 nm, and —11.9 nm (from left to right).

the chemical structure of the branching units and the
dendron’s generation, and (III) a number of hydrophobic
end groups that are covalently attached to the dendron and
whose number depends on the generation of the dendron. The
key benefits of using dendrons as the hydrophobic block that is
interacting with the SWCNTs in comparison with linear
architectures are the structural symmetry of the dendritic end
groups as well as their high spatial availability to interact with
the surface of the SWCNTs, due to being presented at the
termini of the dendritic branches. To shed light on the effect of
the dendritic end groups on the corona phase around the
SWCNTs, and the resulting optical properties, we designed
PEG-dendron amphiphiles with end groups that can differ in
their interactions with the carbon nanotube surface. Taking
advantage of the high modularity and simplicity of the
synthetic pathway, we studied the influence of precise changes
in the chemical structure of the end groups on the fluorescence
emission of the SWCNTSs. To further understand and exploit
the nature of the specific interactions between the anchoring
end groups and the SWCNTs surface, we utilized the ester
bonds between the hydrophobic end groups and the dendron
to study the response of the SWCNTSs to esterase as a model
enzyme. We tested the reactivity of the PEG-dendrons corona
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of the SWCNTSs toward enzymatic activity via fluorescence
spectroscopy in the NIR spectral region. Building on these
results, we further designed a SWCNT@PEG-dendron
composite for monitoring enzymatic amide cleavage, demon-
strating the generality of this sensing platform.

RESULTS AND DISCUSSION

The dendron—polymer hybrids, applied in this study, contain
monomethoxy polyethylene glycol as the hydrophilic polymer
chain. PEG was proven to be a suitable polymer for the
dispersion of SWCNTs, providing a hydrophilic shell for their
stable suspensions in water and biological media and being
relatively inert toward protein interaction.””**>* The dendritic
architecture exposes four hydrophobic end groups, enabling
noncovalent binding to the SWCNTs. To create a set of
polymer-dendrons, two aliphatic and two aromatic (naph-
thalene-based) end groups were coupled via an ester group in
two different orientations to the dendritic body (Figure 1b),
resulting in PEG-D-naphthyl, PEG-D-naphthoate, PEG-D-
pentyl, and PEG-D-hexanoate. The orientation of the ester
group in the end groups places either an electron donor
(alkoxy group of the ester) for PEG-D-naphthyl or an electron
acceptor (carbonyl group of the ester) for PEG-D-naphthoate
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Figure 3. Enzymatic cleavage of PEG-dendrons with porcine liver esterase (PLE). (a) Cleavage of the PEG-dendrons by PLE takes place at
the ester group connecting the end groups to the dendron body. (b) Fluorescence response of SWCNT@PEG-D-naphthyl (blue), SWCNT@
PEG-D-naphthoate (red), SWCNT@PEG-D-pentyl (yellow), and SWCNT@PEG-D-hexanoate (purple) each at a SWCNT-concentration of
1 mg L™ upon incubation with PLE 1.5 yM for § h (4,, = 730 nm) and time-dependent fluorescence response after the addition of PLE of
the peak intensity of the (9,4) chirality at A,, = 730 nm over 10 h compared to a sample in PBS (black dots). (c) Quantification of the
degradation process of PEG-dendrons wrapping SWCNTs and as free micellar assemblies after separation via HPLC. Enzymatic degradation
process at time intervals of 0, 0.5, 1, 2, 4, and 6 h. PEG-dendrons as free micellar assemblies in absence of SWCNTs (dashed lines) and as
wrapping polymer around SWCNTs (solid lines). Left column: Degradation of the intact polymer, bearing all four end groups. Right
column: Quantification of the concentration of the cleaved-off end groups naphthol (blue) and naphthoic acid (red). Generation of polymer-
dendrons with cleaved-off end groups for PEG-D-pentyl (yellow) and PEG-D-hexanoate (purple).

in the vicinity of the delocalized #-electron system of the
aromatic end group affecting its electron density. Due to their
aromatic nature, these end groups should bind to the
SWCNTs via m—n-stacking interactions, which are expected
to be influenced by the electron density of the delocalized 7-
systems.”* In contrast, the aliphatic end groups should interact
with the SWCNTs via hydrophobic interactions. Hence, the
orientation of the ester group is not expected to have an effect
on the binding interaction. To avoid an effect due to changes
in molecular weight, each couple of amphiphiles, was
synthesized to have exactly the same molecular weight. This
was achieved by reacting 3-mercaptopropionic acid with the 2-
naphthol and pentanol for synthesizing the naphthyl and
pentyl end groups, respectively, while using 2-mercaptoethanol
for preparing the 2-naphthoate and hexanoate end groups
(Scheme S3, Supporting Information).

Functionalization of the SWCNTs was achieved via
surfactant exchange, where sodium cholate suspended
SWCNTs (SWCNT@SC), together with the respective
polymer-dendron, were dialyzed against water, to slowly
remove sodium cholate allowing the PEG-dendrons to bind
the SWCNTs and stabilize them in suspension (Figure 1c).””
To ensure the critical role of the hydrophobic end groups in
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binding the SWCNTs, we performed the surfactant exchange
also with a PEG-dendron bearing hydrophilic end groups as a
control. This experiment resulted in SWCNT aggregation
(Figure S1, Supporting Information), showing that the
hydrophobic end groups are essential for stabilizing the
suspended SWCNTs. The NIR-absorption spectra of the
resulting PEG-dendron wrapped SWCNTs (SWCNT@PEG-
dendron) showed a red shift of the E,;-absorption peaks
(Figures 1d and S2, Supporting Information) as well as of the
fluorescence emission of the SWCNT chiralities (Figure S3,
Supporting Information) compared to SWCNT@SC, indicat-
ing a successful wrapping exchange consistent with a change in
the dielectric environment of the SWCNTs.>

Each corona phase can influence the fluorescence emission
of the SWCNTs, due to its density and/or interactions with
the SWCNT surface. Fluorescence emission of a certain
chirality can be altered by the distinct dielectric environment
that the corona phase induces around the SWCNTs™ or even
charge transfer effects from the wrapping molecules to the
SWCNT or vice versa.”>* Our PEG-dendrons are bound to
the SWCNTSs via end groups that differ in the type of their
interaction with the graphene lattice. While 7—z stacking of
the SWCNT with the aromatic end groups is possible,
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hydrophobic interactions are expected in the case of the
aliphatic end groups. Differences in these interactions are
reflected in different fluorescence emission spectra of the
SWCNT@PEG-dendron samples. While the four SWCNT@
PEG-dendron show comparable absorption spectra of the E,,
transitions (Figure S4, Supporting Information), we observed
substantial differences in their fluorescence emission spectra of
the E,; transitions, although all four samples were prepared
from the same initial SWCNT@SC suspension. Figure 2a
shows the NIR-fluorescence emission recorded for excitation
wavelengths of 4, = 500—840 nm for the four different
SWCNT@PEG-dendrons and the differences in the normal-
ized fluorescence emission between the two PEG-dendrons
with aromatic end groups and with aliphatic end groups,
respectively. The orientation of the ester group in the case of
the two PEG-dendrons with aromatic end groups, and the
resulting difference of their electron density on 7—n-stacking
interactions had a substantial effect on SWCNT fluorescence
modulation. The fluorescence intensity of SWCNT@PEG-D-
naphthoate, which has electron withdrawing groups, is
relatively lower, and the emission wavelength peaks of the
different chiralities of the SWCNT@PEG-D-naphthyl, which
has electron donating groups, are red-shifted, compared to the
other SWCNT@PEG-dendrons, respectively (Figures 2a and
S4, Supporting Information). However, for the two PEG-
dendrons with aliphatic end groups, we observed comparable
fluorescence emission, both in intensity and wavelength, since
the orientation of the ester group has no effect on the
hydrophobic interactions. Comparing the fluorescence spectra
of the aromatic SWCNT@PEG-dendrons with their aliphatic
counterparts, we observe substantially higher fluorescence
emission of the small-diameter (8,3) and (6,5) chiralities
(Figure 2a) for the aromatic amphiphiles. These variations
cannot be attributed to simple differences in the concentration
of the chiralities within the samples, as evident from the similar
absorption spectra (Figure S4, Supporting Information), but
rather to the distinct chemical properties of the end groups.
The excitation—emission maps reveal the expected differences
in the interaction of the dendritic end groups with the
SWCNT surface.

The addition of surfactants, e.g,, sodium dodecylbenzenesul-
fonate (SDBS), to functionalized SWCNT can give informa-
tion both about the available, exposed surface area of the
SWCNTs, and the binding affinity of the dendrons to the
SWCNTs by inducing a solvatochromic shift (A1) upon the
replacement of water molecules and possibly some of the
dendritic amphiphiles in case their binding affinity is lower
than the binding affinity of the surfactant.'”*>**™%" After the
addition of 0.2% (w/v) SDBS to the different SWCNT@PEG-
dendron samples, we see differences in the induced
solvatochromic shifts, as shown in Figure 2b evaluated for
the (10,2) chirality. While PEG-D-naphthoate shows the
smallest wavelength shift of the (10,2) chirality of A1 = 4.1
nm, PEG-D-naphthyl shows the highest blue-shift caused by
the addition of SDBS A4 = —16.7 nm. Both SWCNTs with
aliphatic PEG-dendrons show comparable results with a blue
shift of AA = —12.6 nm and —11.9 nm, respectively. We can
observe that SDBS is not able to completely replace the PEG-
dendrons because of their higher affinity to the SWCNTs
surface, as indicated by the fluorescence spectra of the different
samples after the addition of SDBS, which still differ in their
resonance wavelength and relative intensity (Figure 2b and
S4).

After characterizing the spectral properties of the SWCNT@
PEG-dendrons, we aimed to evaluate the ability to translate the
enzymatic cleavage of the PEG-dendrons amphiphiles into a
spectral response of the SWCNTs. The variations in the
fluorescence modulation of the SWCNT@PEG-dendrons
reveal not only different interactions between the PEG-
dendrons and the SWCNT surface but also differences in
their noncovalent binding stability. Amphiphilic PEG-den-
drons are known to self-assemble into polymeric micelles,
whose stability is dependent on their hydrophilic/hydrophobic
ratio.”””** The ester group connecting the hydrophobic end
groups to the dendritic branches is susceptible to enzymatic
cleavage by porcine liver esterase (PLE), which can cleave off
naphthol, naphthoic acid, pentanol, and hexanoic acid end
groups (Figure 3a). In addition to the release of these cleaved
end groups, the enzymatic cleavage should yield carboxylic acid
or alcohol moieties on the dendritic block, decreasing its
hydrophobicity and, thus, resulting in PEG-dendrons with a
substantially higher hydrophilic/hydrophobic ratio.*>** The
overall degradation rate of the PEG-dendrons in micellar
assemblies was previously shown to depend on the equilibrium
between “monomeric” PEG-dendrons and their micellar
assemblies.”® Translated to the SWCNT@PEG-dendrons, we
expect their degree of enzymatic degradation to depend on the
noncovalent binding interactions between the nanotubes and
the hydrophobic end groups of the PEG-dendrons. Changes in
the corona phase, by detaching and/or cleavage of the
wrapping amphiphiles, should induce changes in the dielectric
environment of the nanotubes, which can be monitored via
their NIR-fluorescence emission.'”*”**®” In order to follow
the PEG-dendron degradation, we incubated the SWCNT@
PEG-dendrons with PLE and monitored the fluorescence
response during an incubation time of 10 h. Significant
fluorescence modulation could be observed for SWCNT@
PEG-D-naphthyl, SWCNT@PEG-D-pentyl, and SWCNT@
PEG-D-hexanoate, showing a decrease in intensity of ca. 30%,
while SWCNT@PEG-D-naphthoate showed no response
(Figure 3b left).

The extent of the decrease in fluorescence intensity reflects
the differences in interactions between the SWCNT's and PEG-
dendrons, which were mentioned above. The orientation of the
ester bond in the aromatic end group significantly influenced
the fluorescence response, as a result of the different electron
densities of the aromatic group. However, comparing the
response of the aliphatic end groups showed no significant
differences between the two orientations. The absorption
spectra of SWCNT@PEG-dendrons before and after incuba-
tion with PLE for 24 h showed no changes in absorption
confirming that the fluorescence intensity decrease cannot be
explained by simple aggregation of the SWCNTs (Figure SS,
Supporting Information). Unspecific protein interaction with
the SWCNT @PEG-dendrons was excluded as incubating them
with bovine serum albumin (BSA), a protein commonly used
for assays of nonspecific binding, showed no fluorescence
response (Figure S6, Supporting Information). Monitoring the
time-dependent fluorescence decrease of the (9,4) chirality for
the different SWCNT@PEG-dendrons showed comparable
decay rates for SWCNT@PEG-D-naphthyl, SWCNT@PEG-
D-pentyl, and SWCNT@PEG-D-hexanoate and saturation
after 4—5 h (Figure 3b right). Quantifying the fluorescence
response of the different chiralities in each of the samples when
excited at 4,, = 730 nm, showed a chirality-dependent response
(Figure S7 and Table S2, Supporting Information), which may
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Figure 4. Correlation of the fluorescence signal with the degradation of the polymer-dendrons and proposed mechanism. (a) Correlation of
the time-dependent fluorescence signal of the SWCNT@PEG-D-naphthyl (blue) with the concentration increase of the cleaved-off naphthol
end group determined via HPLC (black; R = —0.95, P = 0.003) and of the SWCNT@PEG-D-naphthoate (red) with the concentration
increase of the cleaved-off naphthoic acid end group determined via HPLC (black; R = —0.87, P = 0.022). Correlation of the time-dependent
fluorescence signal of the SWCNT@PEG-D-pentyl (yellow; R = —0.98, P = 0.001) and SWCNT@PEG-D-hexanoate (purple; R = —0.97, P =
0.001) with the generation of the cleaved polymer, measured after separation via HPLC (black). Shaded areas show mean and standard deviation.
(b) Proposed equilibrium-dependent degradation mechanism, which is dependent on the interaction between SWCNT/PEG-dendron assemblies.

be attributed to geometrical differences in available surface area
or SWCNT-curvature based on previous studies.”*"*

In order to gain a better understanding of the mechanism
governing the fluorescence response to the interaction with the
esterase, we used high performance liquid chromatography
(HPLC) to directly follow and quantify the enzymatic
degradation of the amphiphiles. To this end, SWCNT@
PEG-dendrons were incubated with PLE at room temperature
for 6 h in total. During the incubation, fractions of the samples
were extracted for further testing. The extracted samples were
mixed with acetonitrile in a 1:1 volume ratio in order to
quench the enzyme activity and precipitate the SWCNT, while
keeping the PEG-dendrons in solution. The same procedure
was repeated for a comparable concentration of the PEG-
dendrons in micellar assemblies in solution (SO ug mL™")
without the nanotubes (Figure S8 and Table S3, Supporting
Information). Taking advantage of the ability to quantify the
reaction components by HPLC, we could directly follow the
rate of degradation of the intact PEG-dendrons, ie, PEG-
dendrons with all four end groups (Figure 3c left). In addition,
owing to the spectroscopic signal of naphthol and naphthoic
acid, which is lacking in the case of pentanol and hexanoic acid,
we could also follow the increasing concentration of the
cleaved-off end groups of PEG-D-naphthyl and PEG-D-
naphthoate. In the case of PEG-D-pentanol and PEG-D-
hexanoate we could monitor the generation of the cleaved
polymer (Figure 3c right). For all four PEG-dendrons, the
degradation process of the intact PEG-dendrons was
comparable for SWCNT@PEG-dendrons and the “free”
PEG-dendrons, but slightly faster for the latter. The aromatic
PEG-dendrons showed a very slow and incomplete degrada-
tion process, as the samples still contained >95% of the intact
PEG-dendrons after 6 h incubation time, in agreement with the
concentration of the cleaved-off aromatic end groups over
time. Following the degradation of the intact aliphatic PEG-
dendrons as well as the generation of their cleaved PEG-
dendrons without end groups, we monitor full enzymatic
degradation after an incubation time of ca. 4 h. The slow
degradation rate for the aromatic PEG-dendrons shows that
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their micellar assemblies, as well as their binding to the
SWCNT surface, are much more stable. This higher stability
renders them substantially less susceptible to enzymatic
degradation compared to the aliphatic ones.

Relating the enzymatic degradation of the PEG-dendrons to
the fluorescence response of the SWCNT's, we observe that the
SWCNT@PEG-D-naphthyl shows a fluorescence signal that is
consistent with its end group cleavage, while the SWCNT@
PEG-D-naphthoate does not (Figure 4a), despite having a
similar concentration of cleaved end groups (Figure 3c).

The significant solvatochromic shift for SWCNT@PEG-D-
naphthyl upon the addition of a surfactant (Figure 2b)
indicates a large surface accessibility of the SWCNT.
Therefore, we expect that even minor changes in the corona
phase of the SWCNTSs, as evident from the fact that most of
the PEG-D-naphthyl remains in its intact form (Figure 3c), can
induce a strong fluorescence response, consistent with previous
reports.19 On the contrary, the PEG-D-naphthoate corona
phase of the SWCNTSs showed the lowest accessible surface
area to surfactant perturbation (Figure 2b) and, indeed, we
observe only a small fluorescence response upon PLE addition,
consistent with only a minor cleavage of the PEG-D-
naphthoate observed after the separation of the reaction
components via HPLC. The results obtained after the HPLC
separation cannot distinguish between PEG-dendrons that
were bound directly to the SWCNT surface or PEG-dendrons
that are in solution, while the fluorescence signal solely
monitors events in close proximity to the SWCNT surface.
Hence, we conclude that in the case of the PEG-D-naphthoate,
most of the cleaved-off end groups stem from PEG-dendron
molecules that are not directly bound to the SWCNTSs; thus,
there is no effect on the fluorescence emission of the
SWCNTs.

In the case of the aliphatic PEG-dendrons, the fluorescence
modulation of the SWCNT as a function of time, measured by
the NIR emission of the SWCNT@PEG-dendrons, can be
correlated to the generation of cleaved polymers from PEG-D-
pentyl and PEG-D-hexanoate (Figure 4a). Indeed, these PEG-
dendrons revealed similar initial fluorescence modulation
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(Figure 3b), as well as similar solvatochromic shifts upon the
addition of SDBS (Figure 2b), comparable to the wavelength
shift of the SWCNT@PEG-D-naphthyl. It is important to note
that although complete degradation of the intact aliphatic
PEG-dendrons was achieved, we do not observe any
aggregation of the SWCNT during the experiment, as the
solution still contains all the reaction components including
the cleaved end groups, the cleaved polymer, and the enzyme
itself. In fact, the enzyme alone can partly stabilize SWCNTs in
suspension, while hexanoic acid, one of the cleaved end groups,
cannot (Figure S9).

The proposed mechanism for the enzymatic degradation of
the PEG-dendrons coronae is depicted in Figure 4b.
Noncovalent binding of the PEG-dendrons to the SWCNTs
depends on the interactions of the respective end groups with
the SWCNT surface. While aliphatic end groups undergo full
degradation as was tracked by HPLC and could also be
monitored via their fluorescence emission, the aromatic end
groups led to assemblies with the SWCNTs that are much
more stable but differed based on their specific 7—7 stacking. It
is important to note that as the rate of the enzymatic
degradation is comparable for the case of the PEG-dendrons
being free in solution or in the SWCNT@PEG-dendrons
suspension (Figure 3), the effects of the specific interaction
between the different end groups and the SWCNT surface is
only reflected in the fluorescence response, and not in the
cleavage rate. The effect of the different end groups on the
fluorescence response, on the other end, can be attributed to
the available surface area probed by the induced solvatochro-
mic shift upon surfactant addition.

To demonstrate the generality of the SWCNT@PEG-
dendrons as a sensing platform for enzymatic activity, we
chose penicillin G amidase (PGA), an enzyme that hydrolyses
penicillin G to phenylacetic acid and 6-aminopenicillanic
acid.”® Thus, we synthesized dendrons with a phenylacetamide
end group as a substrate for this enzyme (PEG-D-amide,
Figure Sa). Although bearing an aromatic end group, the 7-
electron system of the phenylacetamide group is much smaller
than the ones of the naphthalene based groups. Furthermore,
the carbonyl group is not conjugated to the aromatic structure
and thus cannot not serve as an electron withdrawing group,
which could have strengthened the interaction with the
electron rich SWCNT surface, similar to the naphthoate
dendron. As a result, the fluorescence modulation and the
solvatochromic shift upon surfactant addition of the
SWCNT@PEG-D-amide (A4 = —10.9 nm) resembles the
aliphatic end groups coupled by an ester bond (Figure Sb,c),
suggesting a similar expected response to enzymatic degrada-
tion. We measured the time-dependent fluorescence signal of
the (9,4) chirality after the addition of PGA and compared it
to the generation of cleaved polymer after the separation via
HPLC. Indeed, similar to the aliphatic PEG-dendrons, the
fluorescence signal correlates well with the generation of the
cleaved polymer and thus reflects the enzymatic activity of the
amidase. Comparing the amount of intact polymer before the
cleavage and the cleaved polymer after S h incubation with the
PGA confirms that the polymer was completely cleaved by the
enzyme. Cleavage of PEG-D-amide in the SWCNT@ PEG-D-
amide suspension and in free micellar assemblies in a
comparable concentration (SO ug mL™') showed only a
minute effect of the SWCNT on the cleavage rate (Figure S10,
Supporting Information). These experiments show that the
fluorescence modulation as well as the response of the
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Figure S. Measuring enzymatic activity of penicillin G amidase. (a)
Cleavage of the PEG-D-amide by PGA takes place at the amide
group connecting the phenylacetamide end groups to the dendron
body. (b) Normalized fluorescence excitation—emission spectra
for SWCNT@PEG-D-amide shows similar fluorescence emission
to the aliphatic SWCNT@PEG-dendrons. (c) Wavelength shift of
the (10,2) chirality upon the addition of 0.2% SDBS to a SWCNT
concentration of 1 mg L™'(AA = —10.9 nm). (d) Correlation of the
time-dependent fluorescence signal of SWCNT@PEG-D-amide
(green, shaded area shows mean and standard deviation) to the
generation of the cleaved polymer (black), measured after
separation via HPLC (R = —0.98, P < 0.001) upon addition of
PGA (4.4 U mL™).

SWCNT@PEG-dendrons toward surfactant addition can
already give an insight into the susceptibility of a SWCNT@
PEG-dendron assembly to enzymatic degradation.

CONCLUSIONS

We herein showed a family of amphiphilic PEG-dendrons that
are able to disperse SWCNTSs in water through direct
interactions between their hydrophobic end groups, serving
as molecular binding sites, and the graphene lattice of the
SWCNTSs. The two aliphatic PEG-dendrons are attached to
the SWCNTSs by simple hydrophobic interactions and show
similar fluorescence emissions, similar accessible surface areas,
and similar stabilities and reactivities toward the activating
enzyme. However, due to the ester group acting either as an
electron acceptor or an electron donor toward the naphthalene
7-system, we observe big differences in fluorescence modu-
lation between these end groups, including fluorescence

https://doi.org/10.1021/acsnano.1c09125
ACS Nano 2021, 15, 20539-20549


https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c09125/suppl_file/nn1c09125_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsnano.1c09125/suppl_file/nn1c09125_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09125?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.1c09125?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.1c09125?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Nano

www.acsnano.org

emission intensity and wavelength. Using enzymatic degrada-
tion of the PEG-dendrons by esterase as a model, we show that
we can translate the enzymatic cleavage of the end groups into
a spectral response of the SWCNTs. Interestingly, the
accessible surface area can be correlated with the ability of
the SWCNT@PEG-dendrons to show spectral responses
toward the activating enzyme. Building on these findings, we
were able to further design PEG-dendron amphiphiles whose
end groups contain an amide bond that can suspend SWCNT,
and utilize it to successfully monitor amidase activity on the
SWCNT@PEG-dendron complexes through the fluorescence
signal. In essence, we identified the criteria of the SWCNT
sensors (fluorescence modulation and surface accessibility)
needed in order to report the enzymatic cleavage of the end
groups.

The amphiphilic polymer-dendron hybrids introduced here
are tailorable macromolecules synthesized with high molecular
precision and overall yields (ca. 90%), whose structures and
compositions can be easily tuned simply by changing the
hydrophobic end groups, branching unit, and hydrophilic
polymer. We demonstrate here that these versatile polymer-
dendron structures can be used for designing modular enzyme-
responsive NIR-fluorescent SWCNT as the dendron can be
tailored to have branches with varying flexibility and
generation number, resulting in different numbers of end
groups and interaction sites on the SWCNT surface.
Furthermore, the polymer chain can vary in charge, flexibility,
and conductivity or can even be designed to attach additional
recognition elements or functional groups. This platform of
configurable functional composite nanomaterials offers the
opportunity to tailor it for not only numerous applications
studying stability, reactivity, and susceptibility to enzymatic
activity but also analyte binding in real-time through the
transient modulation of the fluorescence emission in the NIR.
Optical sensors emitting light in the NIR can be more easily
implemented in in vivo studies, which broadens the possibilities
for future applications.

EXPERIMENTAL SECTION

Synthesis of PEG-Dendron Amphiphiles. The PEG-dendron
amphiphiles were synthesized in a two-step synthesis starting from
monomethoxy S kDa polyethylene glycol diamine (mPEGgp,-
(NH,),. The two terminal amines were reacted with bis-allyl
functionalized AB, branching units forming stable amide bonds. In
the second step the designated cleavable hydrophobic end groups
were coupled to the polymer using the photoinitiated thiol—ene click
reaction. All amphiphiles were obtained in high yields and were
characterized using "H NMR, GPC, and MALDI-TOF. For additional
synthetic information and spectroscopic data please see the
Supporting Information.

Suspension of SWCNTs with Sodium Cholate. To suspend the
SWCNTs with sodium cholate, 10 mg of HIPCO SWCNTs in 20 mL
of 2% (w/v) sodium cholate were bath sonicated for 10 min and
subsequently tip sonicated for 2X 30 min on ice (12 W). To remove
nanotube bundles and impurities, the resulting suspension was
ultracentrifuged for 4 h at 40,000¢ (Optima XPN-80 ultracentrifuge,
Beckman Coulter). The concentration of SWCNT@SC was
determined spectroscopically (c((SWCNT@SC) = 220 mg L™") with
an extinction coefficient of £33, = 0.036 L - mg ™' - cm 7.

Surfactant exchange of SWCNTs with PEG-dendrons.
Surfactant exchange was performed via dialysis from SWCNT@SC
as described previously.”” Briefly, a suspension of SWCNT@SC (40
mg L) in 2% (w/v) sodium cholate and the respective PEG-
dendron (2 mg/mL) in a total volume of 7 mL were dialyzed
(GeBAflex Mega, 3.5 kDa MWCO) against water for S days, with
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daily water exchange. After the dialysis, SWCNT@PEG-dendrons
were centrifuged for 30 min at 20,000¢ to remove aggregates. The
supernatant suspension was washed 3 times with PBS buffer (pH 7.4)
in an Amicon centrifugal filter (100 kDa MWCO, 25 min, 4,400g).
The concentration of SWCNT@PEG-Dendron suspensions was
determined as described above.””

Absorption Spectroscopy. Absorption spectra were recorded in
a UV—vis—NIR spectrophotometer (Shimadzu UV-3600 Plus) in a
wavelength range of 200—1400 nm.

NIR-Fluorescence Spectroscopy of Carbon Nanotubes.
Fluorescence emission spectra were recorded in a 96-well plate
mounted on an inverted microscope (Olympus IX73). A super-
continuum white-light laser (NKT-photonics, Super-K Extreme) with
a bandwidth filter (NKT-photonics, Super-K varia, A4 = 20 nm) was
coupled into the microscope as the excitation source. If not stated
otherwise, spectra were recorded at an excitation wavelength of 4, =
730 nm with 8.5 mW. Fluorescence emission was spectrally resolved
using a spectrograph (Spectra Pro HRS-300, Princeton Instruments)
with a slitwidth of 500 ym and a grating (150 g/mm). The
fluorescence intensity spectrum was recorded by an InGaAs-camera
(PylonIR, Teledyne Princeton Instruments) with 1 s exposure time
for c((SWCNT) = 5 mg L™ or 5 s for ¢((SWCNT) = 1 mg L™
Excitation—emission maps were recorded using an excitation
wavelength range of 500 to 840 nm in 2 nm steps.

Enzymatic Degradation of PEG-Dendrons Wrapping
around SWCNTs. Aliquots of 147 uL of SWCNT@PEG-dendrons
in PBS (1 mg L' SWCNT) were placed in a 96-well plate, and
treated with 3 yL of PLE to a final enzyme concentration of 1.5 M or
3 pL of PBS as a control for 10 h incubation time. Fluorescence
emission of the samples was measured in time intervals of 30 min at
an excitation wavelength of A, = 730 nm. Experiments with
SWCNT@PEG-D-amide and PGA were conducted accordingly
with a final PGA concentration of 4.4 U mL™".

Separation and Quantification of the Reaction Compo-
nents of the Degradation Process via HPLC. HPLC measure-
ments were recorded on a Waters Alliance e2695 separations module
equipped with a Waters 2998 photodiode array detector. A total
volume of 10 mL containing SWCNT@PEG-dendrons (c(SWCNT)
=1mgL™) and PLE (1.5 uM) or PGA (4.4 U mL™") and a control
containing only PEG-dendrons (50 yg mL™") and PLE (1.5 uM) or
PGA (4.4 U mL™") were incubated. At time intervals of 0 h, 30 min, 1
h,2h,4h,and 6 h (0 h, 30 min, 1 h, 1.5h, 2 h, 3 h, and S h, for
PGA), a volume of 1 mL was taken from the samples and subjected to
1 mL of acetonitrile to precipitate the SWCNTs while keeping the
PEG-dendrons and the cleavage products in suspension. The solution
was filtered with a 0.2 gm PTFE syringe filter to remove SWCNTs. A
total of 60 uL of the samples was injected into HPLC. For the
quantification of the reaction components, we integrated the peaks
assigned to the intact polymer-dendrons (bearing all 4 end groups) at
absorption wavelengths of 4 = 225 nm (PEG-D-naphthyl), 4 = 236
nm (PEG-D-naphthoate), and A = 297 nm (PEG-D-pentyl and PEG-
D-hexanoate). In the case of PEG-D-naphthyl and PEG-D-naphthoate
we integrated the peaks assigned to the cleaved-off end groups,
naphthol and naphthoic acid, at absorption wavelengths of 1 = 225
nm and 4 = 236 nm, respectively. The concentrations of the cleaved-
off end groups were determined via a calibration curve, determined by
the area of the peak for naphthol (4 = 225 nm) and naphthoic acid (4
=236 nm) at concentrations of 1, 5, and 10 gM. In the case of PEG-
D-pentyl, PEG-D-hexanoate, and PEG-D-amide we integrated the
peaks assigned to the cleaved polymer at an absorption wavelength of
A =297 nm.
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