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Single-Walled Carbon Nanotubes Probing the Denaturation of Lysozyme
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Resonance Raman spectroscopy measurements of lysozyme-bound single-walled carbon nanotubes have been
made during different stages of the chemically and thermally induced misfolding and of the denaturation
process of nanotube-bound lysozymes. Changes to the Raman intensity of single-walled carbon nanotubes
(SWNTs) have been observed during the denaturation of lysozyme. The Raman intensity changes are attributed
to excitonic transition energy (E;;) shifts of the SWNTs during the denaturation of lysozyme. The E;; shift of
SWNTs was confirmed by photoluminescence measurements.

Introduction

Irreversible degradation and aggregation of therapeutic pro-
teins is a long-standing problem in the biopharmaceutical
industry. To ensure product integrity at the time of administra-
tion, a high concentration protein product must remain stable
for an extended period of time during transport and storage,
often at elevated temperatures.! The degradation process is
generally described as a multistage pathway, starting with the
unfolding and misfolding in protein monomers and the onset
of protein degradation and aggregation, involving a complex
set of competing misfolding and self-association reactions. In
this manner, a fraction of the overall product may be degraded,
and the small percentage of degradation can sometimes be
laborious and time-consuming to detect and resolve using
chromatography and light-scattering methods. Recent develop-
ments in self-interaction nanoparticle spectroscopy? using gold
nanoparticles suggest that the very sensitive optical transitions
of nanoparticles could be exploited to develop a nanoparticle-
based protein interaction assay to readily detect changes in the
weak protein—protein versus protein—nanoparticle interactions
in misfolded protein products. Aside from gold nanoparticles,
one of the particularly interesting candidates for such nanoscaled
probes is single-walled carbon nanotubes (SWNTs).

SWNTs have unique electronic properties and rich spectro-
scopic properties.>* The detailed geometric structure of SWNTSs
as denoted by their (n,m) indices determines their electronic
properties™® as well as their spectroscopic properties, and these
subjects have been studied extensively. Because the excitonic
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transition energy (E;) of SWNTs is particularly sensitive to the
dielectric environment,”® SWNTs have been used in a number
of optical and electrical devices to directly probe conformational
changes in biomacromolecules. The strong and photobleach-
resistant photoluminescence (PL) and resonance Raman signals
in the near-infrared region makes SWNTSs promising as labels
in biosystems.”!” For example, the shift of the PL emission
energy of DNA-wrapped SWNTs due to the wrapping agent
has been used to monitor conformational changes in DNA.!!!2
In this report, we use optical spectroscopy to qualitatively probe
the interactions in a complex system involving a small percent-
age of misfolded/denatured proteins and nanotubes. Even though
the weak interactions between a nanotube and a fraction of the
degraded proteins can cause a small, yet definitive, shift in Ej,
the shift in the PL signal could be difficult to resolve with high-
energy resolution due to the wide resonance window of SWNT's
in a biological environment. Thus, resonance Raman spectro-
scopy was used as an additional (yet possibly more sensitive)
probe to detect subtle shifts in the position of the resonance
window and the position of the E;;'3~' as a result of the altered
protein—nanotube and protein—protein interactions, when a
small fraction of the proteins in the solution undergo denaturation.

Many proteins can be attached to SWNTs through noncova-
lent binding.'®!” In this study, lysozyme was chosen as a model
protein to study the protein—nanotube interaction. With 129
residues, lysozyme is a small and widely studied model protein
whose folding kinetics is well-understood. In its native state,
83% of the surface of the lysozyme is hydrophobic,'® with a
hydrophobic box defined by residues Trp 28, Trp 111, Tyr 23,
Met 105, and Trp 108,'°72! and the stability and weak interac-
tions are mostly determined by the colloidal stability of the
proteins in solution. As we initiate misfolding and denaturation
reactions, the secondary structure and the hydrophobic interior
region of lysozyme are gradually exposed, and eventually, the
protein is unfolded.

For the lysozyme-wrapped SWNTs (LYZ-SWNTs) without
any denaturant, SWNTs may be bound to the hydrophobic
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Figure 1. Schematic illustration of structures of a lysozyme-wrapped
SWNT and a denatured lysozyme-wrapped SWNT.

pocket of lysozyme through hydrophobic interactions and 7—7x
stacking.!® Circular dichroism (CD) spectra have shown that
the secondary and tertiary structures of the lysozyme are
preserved in the native state in the LYZ-SWNT!® complex.
During the denaturation process, the secondary and tertiary
structures of the protein are significantly disturbed. As a result,
more solvent molecules surround the SWNTs. Figure 1 shows
a schematic illustration of structures of LYZ-SWNT before and
after lysozyme denaturation (they are not the real structures).
As shown in Figure 1, the expected change in the lysozyme—
SWNT binding geometry effectively changes the dielectric
surroundings of SWNTs, which can shift the E;® and then
change the PL and Raman spectra of the SWNTs. In this report,
we measured the Raman spectra of SWNTs in a LYZ-SWNT
dispersion during the misfolding and denaturation of the
lysozyme by either adding guanidinium hydrochloride or
heating.

Experiments

The adsorption of lysozyme and the creation of a LYZ-SWNT
dispersion was achieved by the sonication of 0.3% CoMoCAT
SWNTs in a 5—10 mg/mL lysozyme (Aldrich-Sigma) solution
for 30 min, followed by centrifugation at 11 000g for 1 h. Two
methods were used to introduce lysozyme misfolding and
denaturation. One was chemical denaturation and the other was
thermal denaturation. Different concentrations of guanidinium
hydrochloride (GndHCI, Aldrich-Sigma) were used to chemi-
cally induce denaturation of the lysozyme molecules, and the
solution pH was maintained by using 5 mM of acetate buffer
(pH = 5.0). After incubation, circular dichroism (CD) spec-
troscopy, Raman, and PL were measured for the LYZ-SWNT
dispersion at different GndHCI concentrations. For the thermal
denaturation, a LYZ-SWNT dispersion was injected into a tube
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in a hot-water bath at different temperatures. At different time
intervals during the denaturation process, a small volume of
solution for spectral characterization was withdrawn and cooled
down using a cold-water bath. The CD was measured by a J815
model JASCO CD spectrometer in a 1 mm path length cuvette.
For Raman measurements, a Kr-ion laser (647 nm) and a Nd:
YAG laser (532 nm) were used to excite the SWNTs, and a
10x objective was used to focus the excitation laser and to
collect the Raman signal. A typical integration time for taking
a Raman spectrum is 10 s with five accumulations. The PL
measurement was conducted in a home-built setup: a 658 nm
diode laser, a 50x aspheric lens, a 300 lines/mm grating, and
a 512 pixel InGaAs array detector (Hamamatsu, 900—1700 nm)
were used for signal detection. The typical integration time for
PL measurements is 30 s.

Results and Discussion

CD spectra for LYZ-SWNT dispersions at different concen-
trations of GndHCl are presented in Figure 2a. The CD band at
200—260 nm can be used to calculate the percentage of
denatured lysozyme.?* The calculated percentage of denatured
lysozyme obtained from the CD intensity at 220 nm is plotted
against the concentration of GndHCI (Figure 2b), which shows
that lysozyme in LYZ-SWNT begins to irreversibly denature
at ~4.5 M GndHCI. This concentration is higher than that for
free-state lysozyme (2.5 M>).

Figure 3a,b shows Raman spectra of the LYZ-SWNT
dispersion at different GndHCI] concentrations. At 532 nm
excitation (Figure 3a), Raman bands are assigned to the (9,3)
nanotube (metallic) according to the observed resonant excita-
tion.?* At 647 nm excitation, the radial breathing modes (RBM)
at 283 and 298 cm™! can be assigned to two semiconducting
nanotubes: (7,5) and (8,3),'** respectively. Frequencies of the
G bands (~1590 cm™") and G’ bands (~2600 cm™") did not
shift at either the 532 nm or the 647 nm excitation. This
observation is consistent with the hypothesis of a pure hydro-
phobic interaction between the protein and nanotubes. Because
lysozyme does not contain a metallic center, no doping level
changes or charge transfer is expected between lysozyme and
SWNTs during the lysozyme denaturation process.?> ™%’

The structural change of lysozyme during denaturation may
change the conformation of the LYZ-SWNT complex, which
results in changing the surroundings of SWNTs and then
changing the E; of SWNTs,”?® hence changing their Raman
intensity. However, it is difficult to track the absolute Raman
intensity changes for a certain Raman peak because the over-
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Figure 2. (a) Circular dichroism spectra of lysozyme at different GndHCI concentrations. Here, ®yrw denotes the ellipticity in the mean
residue weight. (b) A denaturation plot shown for LYZ-SWNT. The percent denatured lysozyme is calculated from the ellipticity at 222 nm

shown in (a).
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Figure 3. Raman spectra of the lysozyme—SWNT dispersion with
different GndHCI concentrations: (a) at 532 nm excitation for (9,3)
SWNTs and (b) at 647 nm excitation for (7,5) and (8,3) SWNTs. (¢)
Lorentzian fits of RBM bands of (7,5) and (8,3) nanotubes at different
GndHCI concentrations. (d) Plot of the RBM integrated intensity ratio
(I75/13.3) for the (7,5) to (8,3) nanotubes vs the GndHCI concentration.
(e) PL of the LYZ-SWNT dispersion without any GndHCI (blue line)
and with 4 M GndHCI (red line). The excitation wavelength is 658
nm. Emission intensity is normalized at the emission peaks occurring
around 1150 nm. (f) Calculated normalized intensity of the Stokes RBM
bands for (7,5) (red line) and (8,3) (blue line) at 647 nm (1.916 eV)
laser excitation as a function of E»,, and the fwhm resonance window
width of 65 meV is indicated.

all intensity also changes as a function of the experimental
conditions, such as laser focus, refractive index of the solution,
and the concentration of SWNTSs. In our experiments, the RBM
intensity ratio of the 283 cm™! peak ((7,5) nanotube) to the 298
cm™! peak ((8,3) nanotube) at 647 nm excitation changed during
lysozyme denaturation (Figure 3b). Both (7,5) and (8,3) nano-
tubes belong to the same (2n + m = 19) family for semicon-
ducting nanotubes, which means that the two species have
similar diameters but different chiral angles. To quantify the
changes of the RBM intensity ratio, the observed RBM bands
for the (7,5) and (8,3) nanotubes were fit by two Lorentzian
peaks (Figure 3c). The RBM intensity ratio (/75//s3)) for the
(7,5) to (8,3) tubes is then plotted against the concentration of
GndHCI (Figure 3d), which shows that the ratio increases
significantly for GndHCI concentrations higher than 4 M. This
intensity ratio change can be correlated with the denaturation
curve of the LYZ—SWNT in Figure 2b and suggests that the
RBM intensity ratio I75/Is3 can also be used to indicate
lysozyme denaturation.

The change observed in /(7 5)/I3 3 is attributed to the Ej; shift
of SWNTs during lysozyme denaturation. To validate this shift,
PL measurements were carried out (Figure 3e). The PL emission
peaks around 1050 and 1150 nm are assigned to (7,5) and (7,6)
nanotubes, respectively.?*? After adding 4 M GndHCl, emission
peaks from the (7,5) and (7,6) nanotubes exhibit a red shift of
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Figure 4. Plot of the RBM intensity ratio /75)//s3) of (7,5) to (8,3)
nanotubes as a function of heating time at 80 °C (blue solid squares)
and 90 °C (red solid circles). The red line is an exponential-decay fit
(y = A*exp(—kx) + B) for data taken at 90 °C, and the rate constant
k= 0.15 min~! is obtained for data at 90 °C.

~3 and ~5 meV, respectively. These relatively small red shifts
indicate that SWNTs are surrounded by material with a larger
dielectric constant after lysozyme denaturation. We also note
that, even at GdnHCI concentrations lower than 4M, the intensity
ratio increases, while the CD spectrum shows an opposite
change (Figure 3).

We explain the observed Raman intensity ratio changes based
on resonance Raman theory. The resonance Raman intensity
of SWNTs can be expressed by the following expression®

1 2
+E,—E; — il

122

I 3
Stokes _
(E laser

E, — iI(E,

aser

where Ej, is the laser energy, Ejy, is the phonon energy, i is
the imaginary unit, and I is the width of the resonance window.
In writing this expression for Igkes, the matrix elements for
optical absorption, electron—phonon interaction, and optical
emission are considered to be constant. For all mod [(n — m),
3] = 2 SWNTs, a red shift occurs for both E», and E;; when
the SWNTs are surrounded by materials having a dielectric
constant larger than unity.?! Therefore, the Ey level for (7,5)
and (8,3) nanotubes is red shifted during the denaturation of
lysozyme. The E,, values for (7,5) and (8,3) nanotubes are
around 1.92 and 1.88 eV, respectively.”*? Figure 3f shows a
plot of resonance Raman intensity versus Ej; (65 meV is used
for I, where Ejr = 1.916 €V (647 nm)). The plots for the
normalized RBM intensity versus Ey, for the (7,5) and (8,3)
nanotubes almost overlap with each other because their RBM
frequencies are close to each other. Assuming that the E,, shift
is small (<20 meV), then as the E,, transitions red shift, the
RBM intensity for the (7,5) nanotubes should increase and the
RBM intensity of the (8,3) nanotube should decrease (Figure
3f). As aresult, the RBM intensity ratio for (7,5) to (8,3) should
increase, which is in good agreement with the experimental
results (Figure 3d).

To confirm our results and to eliminate any spectral artifacts
that might be introduced by the chemical denaturant used in
this experiment, thermal denaturation of LYZ-SWNT was
carried out. The denaturation of lysozyme under elevated
temperature has been studied extensively before.’> In this
experiment, the denaturation of lysozyme was conducted at 80
and 90 °C. A similar change in the Raman results was observed:
the G band and G’ band peaks did not shift (not shown), but
the RBM intensity ratio of (7,5) to (8,3) (I75/Is3)) increased
during the thermal denaturation (Figure 4). At 90 °C, the RBM
intensity ratio increased rapidly within the first 10 min and then
approached a maximum value of ~3.2. The maximum value of
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the RBM intensity ratio suggests the complete denaturation of
lysozyme in the LYZ-SWNT dispersion. Assuming that the
RBM intensity change is proportional to the denatured lysozyme,
the first-order rate constant k for the thermal denaturation of
lysozyme can be obtained by fitting the time-dependent RBM
intensity ratio by an exponential function, / = A*exp(—kt) +
B, where I is the RBM intensity ratio, 7 is the denaturation time,
k is the rate constant, and A and B are constants. The fit result
gives a k value of 0.15 4= 0.02 min™! at 90 °C, which is lower
than that for free lysozyme (~1.2 min~' estimated for 3 x 10~*
M lysozyme at pH = 6.2%%). The smaller rate constant of
denaturation indicates that nanotube-bound lysozyme may be
more thermally stable. At 80 °C, the RBM intensity ratio
increases slowly, also indicating a lower rate constant. More
systematic thermal studies will be required to elucidate the
detailed thermally induced degradation kinetics for proteins in
the protein-bound nanotube system.

Conclusion

In conclusion, Raman and PL measurements have been done
on LYZ-SWNT dispersions during the denaturation of lysozyme.
Intensity changes in the Raman peaks and a red shift of the PL
emission have been observed, which are correlated with the
denaturation curves for lysozyme obtained from the CD spectra.
By using lysozyme as a model protein, our results show that
SWNTs can potentially be used as an optical probe to monitor
the denaturation of small proteins. The scientific principles could
potentially be applied to other SWNT—protein hybrid systems,
such as nanotube-based sensor devices.
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