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Abstract: Spectrally resolved infrared stimulated vibrational echo spectroscopy is used to measure the
fast dynamics of heme-bound CO in carbonmonoxy-myoglobin (MbCO) and -hemoglobin (HbCO) embedded
in silica sol-gel glasses. On the time scale of ∼100 fs to several picoseconds, the vibrational dephasing
of the heme-bound CO is measurably slower for both MbCO and HbCO relative to that of aqueous protein
solutions. The fast structural dynamics of MbCO, as sensed by the heme-bound CO, are influenced more
by the sol-gel environment than those of HbCO. Longer time scale structural dynamics (tens of
picoseconds), as measured by the extent of spectral diffusion, are the same for both proteins encapsulated
in sol-gel glasses compared to that in aqueous solutions. A comparison of the sol-gel experimental results
to viscosity-dependent vibrational echo data taken on various mixtures of water and fructose shows that
the sol-gel-encapsulated MbCO exhibits dynamics that are the equivalent of the protein in a solution that
is nearly 20 times more viscous than bulk water. In contrast, the HbCO dephasing in the sol-gel reflects
only a 2-fold increase in viscosity. Attempts to alter the encapsulating pore size by varying the molar ratio
of silane precursor to water (R value) used to prepare the sol-gel glasses were found to have no effect on
the fast or steady-state spectroscopic results. The vibrational echo data are discussed in the context of
solvent confinement and protein-pore wall interactions to provide insights into the influence of a confined
environment on the fast structural dynamics experienced by a biomolecule.

I. Introduction

Proteins embedded in silica sol-gel glasses are exemplary
systems for studying the influence of spatial confinement on
biomolecular structure, dynamics, and function.1-3 Studies of
this nature can generate an understanding of protein functionality
in the often crowded physiological environment in which
biomolecules operate. Silica sol-gel glasses consist of nano-
porous networks with interpore connections that permit the
exchange of solvent and small molecules while inhibiting the
transport of larger species.4 It has been broadly shown that the
overall stability of proteins and enzymes embedded in these
glasses is enhanced with regard to temperature, pH, and
chemical denaturation.5-13 In addition, tertiary and quaternary

conformational changes in heme proteins, such as myoglobin
(Mb) and hemoglobin (Hb), can be inhibited or dramatically
slowed, which allows these proteins to be “trapped” and studied
in nonequilibrium structural conformations.14-22

The origin of the stability imparted by the silica sol-gel
matrix is complex. Since the mean pore diameters in aged wet
sol-gels (typically<10 nm) are comparable to the diameters
of Mb and Hb, the pore walls could physically restrict protein
motions. It has been noted that the surface of the protein could
also interact with or adsorb to the hydrophilic silica pore walls
through electrostatic or hydrogen bonding interactions.3,23-28
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Fluorescence anisotropy studies have demonstrated that proteins
in sol-gel pores experience dramatically hindered rates of
rotation due to protein adsorption to the pore walls.23,29,30

Alternatively, the pore dimensions could influence the protein
structural stability by affecting the dynamics of the surrounding
solvent, which is intimately coupled to the dynamics of the
protein. Water in nanoscopic environments (i.e., reverse mi-
celles, carbon nanotubes, and glycolipid membranes) is char-
acterized by a disrupted hydrogen bonding network and
decreased solvent dynamics relative to its bulk properties.31-39

Numerous studies have analyzed the dynamics of solvent
molecules inside silica sol-gel pores.40-48 Using small fluo-
rescent molecules as environmental probes, several studies have
reported small increases of the solvent viscosities in silica sol-
gel pores.25,29,40,41A series of studies by Fourkas and co-workers
studied “weakly wetting” liquids in silica sol-gel pores using
optical Kerr effect spectroscopy and determined that the
molecules in the centers of the sol-gel pores experienced bulk-
like solvent dynamics, while molecules near the pore walls
exhibited dynamics that were an order of magnitude slower than
bulk dynamics.24,49-53 It was concluded that the dynamic
inhibition was not the result of an increased viscosity, but rather
a hydrodynamic volume effect for molecular rotation at a
surface.24 On the basis of time-resolved fluorescence anisotropy
of Rhodamine 6G, Narang and co-workers concluded that a
freshly prepared sol-gel consisted of two dynamic environ-
ments: one in which the microviscosity was slightly elevated
but remained constant near 2 cP, and another in which the
viscosity increased to nearly 20 cP over 48 h.40 The notion of
dual solvent environments is a consistent finding across studies

of solvent and small molecule dynamics in silica sol-gel
glasses.24,42-48

The majority of protein dynamics studies in sol-gel glasses
have focused on ligand rebinding kinetics following a photolysis
event,18-21,54 which invariably results in enhanced geminate
recombination of the photolyzed CO for heme proteins encap-
sulated in sol-gel glasses. This is typically attributed to a
decrease in protein structural mobility that hinders the escape
of the photolyzed ligand from the protein interior into the
surrounding solvent. It has been suggested that the influence
of the confined solvent could be partly responsible for the altered
dynamics observed for sol-gel-encapsulated heme pro-
teins.9,13,17,54-59 Nonetheless, many interpretations of these data
utilize a model in which the silica pore walls directly constrain
the tertiary and quaternary protein structure.

In the current work, spectrally resolved infrared vibrational
echo spectroscopy60-63 is used to measure the fast dynamics of
heme-bound CO in MbCO and HbCO embedded in silica sol-
gel glasses. Unlike fluorescence and CO photolysis studies,
which probe dynamical properties following a structure altering
electronic transition and/or ligand dissociation, the vibrational
echo experiments measure the equilibrium ground state protein
structural fluctuations. In this manner, IR vibrational echo
spectroscopy provides valuable insights into the influence of
the sol-gel confinement on protein dynamics.

Ultrafast IR vibrational echo spectroscopy is sensitive to the
relationship between structure and dynamics in heme pro-
teins.61,62,64-71 These measurements are able to remove the
influences of static or quasi-static distributions of protein
structures that dominate the IR linear line shape (inhomogeneous
broadening) and probe the underlying structural fluctuations of
the protein as sensed by the CO bound at the active site of the
protein. An electrostatic force model has been developed to
relate the structural fluctuations of the protein to the time
dependence of the CO frequency.69,72In this model, the protein
is a collection of partial charges whose movements generate a
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time-dependent electric field vector at the CO that couples to
the CO transition dipole through the Stark effect. The time-
dependent Stark effect causes the CO vibrational frequency to
fluctuate, producing dynamic dephasing.61,66,73-76 There is also
a contribution to the vibrational echo observable from CO
vibrational population relaxation. In carbonmonoxy heme
proteins, such as MbCO and HbCO, the vibrational lifetime of
the CO stretch is sufficiently long that the vibrational echo decay
is primarily a measure of CO dephasing caused by protein
structural fluctuations.69,72 Nonlinear response theory77 allows
the extraction of the equilibrium autocorrelation function of the
fluctuations in the CO vibrational frequency, or frequency-
frequency correlation function (FFCF). The FFCF provides a
quantitative description of the dynamics measured in vibrational
echo spectroscopy that is useful for comparing the dynamics
of proteins in different environments.

The IR vibrational echo data show that, on the time scale of
∼100 fs to several picoseconds, the vibrational dephasing of
the heme-bound CO is measurably slower for both MbCO and
HbCO in sol-gel glasses compared to that of their respective
aqueous solutions. The fast structural dynamics of MbCO, as
sensed by the heme-bound CO, are influenced more by the
encapsulating matrix than those of HbCO, which may be
explained by the quaternary level of structural organization
present in HbCO but not MbCO. For longer time scales (tens
of picoseconds), protein structural evolution, as measured by
the extent of spectral diffusion, is the same for both proteins
encapsulated in sol-gel glasses compared to their respective
aqueous solutions. The “effective viscosity” experienced by
these proteins in sol-gel glasses was determined by comparison
to the viscosity dependence of vibrational echo data taken in
bulk aqueous fructose solutions. The comparison indicates that
the experimental vibrational echoes for sol-gel-encapsulated
MbCO reflect a dynamic environment that is equivalent to a
solution nearly 20 times more viscous than a bulk water-protein
solution. In contrast, the HbCO dynamics in the sol-gel reflect
only a 2-fold increase in effective solvent viscosity. Attempts
to vary the pore size by varying the molar ratio of silane
precursor to water (R value) had no measurable effect on the
fast dynamics experienced by the heme-bound CO in either
protein. These results suggest protein-directed templating of the
silica matrix during gelation.

II. Materials and Methods

A. Sample Preparation. To prepare aqueous stock solutions of
carbonmonoxy-MbCO and -HbCO, 1.0 g of lyophilized protein (Sigma
Aldrich) was dissolved in 3.0 mL of pH 7.0 D2O (Sigma Aldrich)
phosphate buffer (50 mM). The solutions were reduced with a 5-fold
excess of sodium dithionite (Sigma Aldrich) and stirred under a CO
atmosphere for 1 h. The solutions were centrifuged at 14 000 rcf for
15 min through a 0.45µm acetate filter (Pall Nanosep MF) to remove
particulates. The final protein concentrations were 10-15 mM. For
vibrational echo measurements on aqueous samples, small aliquots of
the stock solutions were placed in a sample cell with CaF2 windows

and a 50µm Teflon spacer. UV-visible (Varian Cary 3E) and FTIR
(ATI Mattson Infinity 9495) absorption spectroscopies were performed
to determine all protein concentrations. The samples had mid-IR
absorbances at the CO stretching frequency of 0.1 on a background
absorbance of 0.5.

Sol-gel-encapsulated protein samples were prepared using a slightly
modified Ellerby procedure.1 To prepare the sol, 1.84 mL of tet-
ramethoxysilane (TMOS) (Sigma Aldrich) was combined with 422.5
µL of D2O and 27.5µL of 0.04 N HCl in D2O and then sonicated at
room temperature for 10 min to produce a clear homogeneous mixture.
Within 5 min, an aliquot of the prepared sol was rapidly mixed with
pH 6.5 bis-Tris D2O buffer (50mM) followed by mixing with the protein
stock solutions (prepared as described above). It has been demonstrated
that the use of D2O instead of H2O during the sol-gel preparation does
not affect the polymerization process.41 The volumes of these three
components were varied as listed in Table 1, to produce samples with
good optical quality and the desired molar ratio of silane precursor to
water (R value). The variations of pore diameter withR value have
been quantified by techniques that require drying of the sol-gel glass,
which is known to decrease the pore volume by a few tens of percent.
Thus there is some uncertainty in the wet-aged sol-gel pore diameters.
However, it is reasonable to expect that the decrease in dried sol-gel
mean pore diameter with an increase inR is a consistent trend among
wet-aged sol-gel samples. At the protein concentrations used in this
study, the protein was estimated to occupy 20% of the solution volume
in the protein stock solutions. Therefore, when calculating theRvalues
in Table 1, the water volume added from the protein solutions was
taken to be 80% of the total volume of stock protein solutions. The
mixed components were immediately transferred to a sample cell
consisting of two CaF2 windows and a 50µm Teflon spacer. The Teflon
spacer was discontinuous around the edge of the CaF2 windows to
permit exchange of methanol and buffer solutions during the gelation
and soaking processes. The samples typically formed a gel within 30
s, and a small weight maintained pressure on the sample cell for 5
min. The sol-gel samples were then soaked in pH 7.0 D2O phosphate
buffer solution (50 mM) to neutralize the pH of the aqueous solvent in
the sol-gel pores. The pH-sensitive FTIR spectra for MbCO and
HbCO78,79 confirmed that the pH inside the sol-gel samples was 7.0
after 48 h. The edge openings in the Teflon spacers were sealed with
Parafilm to prevent drying, and vibrational echo data were collected
immediately after the 48 h soaking period.

B. Stimulated Vibrational Echo Spectroscopy.The experimental
setup has been previously described in detail.80 Briefly, tunable mid-
IR pulses with a center frequency adjusted to match the center frequency
of the protein sample of interest (1945 or 1951 cm-1) were generated
by an optical parametric amplifier pumped with a regeneratively
amplified Ti:sapphire laser. The bandwidth and pulse duration used in
these experiments were 150 cm-1 and 100 fs, respectively. The mid-(73) Rella, C. W.; Rector, K. D.; Kwok, A. S.; Hill, J. R.; Schwettman, H. A.;
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Table 1. Volumes of Components Mixed to Prepare
Sol-Gel-Encapsulated Protein Samples and Their Corresponding
R Values

protein sol (µL)
pH 6.5

buffer (µL)
protein stock
solution (µL) R value

MbCO

20 5 25 15
20 20 35 27
20 35 25 30
20 40 40 39

HbCO
20 5 25 15
20 20 35 27
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IR pulse was split into three temporally controlled pulses (∼700 nJ/
pulse). The delay between the first two pulses,τ, was scanned at each
timeTw, the delay between pulses two and three. The three beams were
crossed and focused at the sample. The spot size at the sample was
∼150µm. The vibrational echo pulse generated in the phase-matched
direction was dispersed through a 0.5 m monochromator (1.2 cm-1

spectral resolution) and detected with either a liquid nitrogen-cooled
HgCdTe array detector (Infrared Associates/Infrared Systems Develop-
ment) or a liquid nitrogen-cooled InSb single element detector. A power
dependence study was performed on all samples, and the data showed
no power-dependent effects.81 Data collection for all samples was
performed at room temperature in an enclosed, dry air purged
environment.

III. Results and Discussion

A. Linear IR Spectroscopy. The background-subtracted
FTIR spectra of the CO bound to aqueous and sol-gel-
encapsulated MbCO and HbCO are shown in Figure 1. All peaks
have been fit as Gaussian distributions to determine their full
width at half-maximum (fwhm) and center frequency. The
aqueous MbCO spectrum (Figure 1a, solid line) shows three
transitions centered at 1939, 1944, and 1965 cm-1 with fwhms
of 20.5, 8.7, and 13.5 cm-1, respectively. These CO stretching
peaks correspond to three structurally distinct conformational
substates.69,80,82-87 The A0 band (1965 cm-1) is attributed to a

conformation in which the distal histidine (His64) is positioned
out of the heme pocket,82,88-92 while the A1 (1944 cm-1) and
A3 (1939 cm-1) bands arise from the distal histidine being
localized in the heme pocket in two distinct orientational
geometries.69,93The normalized spectrum of MbCO encapsulated
in a silica sol-gel glass (R ) 15, dashed line) is overlaid and
vertically offset for clarity in Figure 1a. The spectrum is
indistinguishable from that of the aqueous protein sample.

The FTIR spectrum of aqueous HbCO (Figure 1b, solid line)
exhibits two transitions at 1951 and 1969 cm-1, both of which
have fwhms of 8.3 cm-1. These peaks, termed the CIII and CIV
substates, are analogous to the A1 and A0 substates in
MbCO.69,93-95 The spectrum of HbCO encapsulated in a sol-
gel glass (R ) 15, dashed line) is overlaid and vertically offset
and, as shown for MbCO, is identical to the aqueous sample
(solid line). Changing theR value over the range of 15 to 39
and 15 to 27 for MbCO and HbCO, respectively, does not affect
the FTIR spectra for either protein (data not shown). The linear
absorption spectrum reflects the distribution of structures on
all time scales. That the spectra of the CO stretch in aqueous
MbCO and HbCO are identical to their spectra in sol-gel
glasses shows that encapsulation does not produce a substantial
change in the distribution of accessible protein conformations.
The Gaussian shape of the spectral bands in both proteins
suggests that these transitions are inhomogeneously broadened,
which would obscure any dynamical information contained in
the linear spectra. The vibrational stimulated echo experiments
described below reveal the underlying dynamical differences
that exist for these proteins between aqueous and sol-gel glass
environments on the ultrafast time scale.

B. Vibrational Echo Spectroscopy. Figure 2 displays
vibrational echo data taken withTw ) 0.5 ps for MbCO
encapsulated in a sol-gel glass (R ) 15, dashed line) and in
aqueous solution (solid line). For clarity, we initially focus our
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Figure 1. Normalized FTIR spectra of the CO stretching mode bound to
(a) MbCO and (b) HbCO in aqueous and sol-gel-encapsulated environ-
ments. For both frames, the solid line represents the aqueous protein
spectrum, and the dashed line is the sol-gel-encapsulated protein. The
spectra have been vertically offset for clarity.

Figure 2. Spectrally resolved vibrational echo decays atTw ) 0.5 ps for
CO bound to aqueous (solid line) and sol-gel-encapsulated MbCO (dashed
line) at 1945 cm-1.
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attention here on a singleTw. The data demonstrate that the
vibrational echo decay for the sol-gel sample is significantly
slower than that for the aqueous sample. In vibrational echo
experiments, a slower decay (slower rate of vibrational dephas-
ing) indicates that the frequency of the heme-bound CO is
fluctuating more slowly. (Alternatively, if a system is motionally
narrowed,96-99 a slower decay can be caused by faster fluctua-
tions. However, as shown below, this system undergoes spectral
diffusion and is therefore not motionally narrowed.) Within the
electrostatic force model described above, this is the result of
slower modulations of the net electric field generated by the
entire protein and surrounding solvent at the heme-bound CO.

Increasing theR value for the sol-gel preparation has been
reported to decrease the pore diameter by increasing the degree
of silica cross-linking.4,41,100,101However, the vibrational echo
decays for MbCO sol-gel samples at allRvalues listed in Table
1 are the same (onlyR ) 15 data are shown). As discussed
below, the changes observed in the protein dynamics can be
accounted for by a change in the effective viscosity of the water
in the sol-gel pore. It has been demonstrated by direct
experiments on water in reverse micelles32,38,39 that water
dynamics are very sensitive to confinement on nanoscopic length
scales and vary in a manner that resembles an increase in
effective viscosity with a decrease in size. Furthermore, protein
dynamics are known to be sensitive to the viscosity of the
surrounding solvent.102,103 Therefore, to explain the indepen-
dence of structural dynamics on the pore size, it is highly
unlikely that the protein dynamics are simply insensitive to the
size of the surrounding pore. As discussed further below, the
likely explanation is that the sol-gel matrix is templated around
the protein, and while the average “empty” pore diameter may
change withR value, the size of pores formed around proteins
is dictated by the size of the protein and is independent of
R.2,3,7,11,29

The vibrational echo decays atTw ) 0.5 are shown for
aqueous and sol-gel-encapsulated HbCO in Figure 3. Although
the change is not as dramatic as MbCO, the dephasing rate is
noticeably slower for proteins encapsulated in sol-gel glasses.
That the sol-gel environment has a weaker influence on the
HbCO structural dynamics, as sensed by the heme-bound CO,
may be due to the quaternary level of structural organization in
this protein. Having only tertiary structure, the entire surface
area of MbCO is in contact with the solvent or silica pore walls.
In contrast, HbCO is a tetramer of tertiary subunits, each of
which is structurally similar to MbCO. Therefore, each heme-
containing subunit is partially “solvated” by the other three
subunits and should be less sensitive to the properties of the
surrounding solvent. Sottini and co-workers have also noted that
proteins with a larger surface-to-volume ratio are expected to
experience a greater degree of friction from their surrounding

solvent environment.54 Previous vibrational echo studies confirm
the weaker dynamic response of HbCO to the viscosity of the
surrounding environment.54,103-105 The first studies of the
influence of viscosity on HbCO over a relatively small viscosity
range in several solvent environments concluded that the protein
dynamics were independent or very weakly dependent on the
solvent viscosity.105 In a study to be presented soon of several
heme proteins over many decades of viscosity in water/fructose
mixtures, it will be demonstrated that HbCO does indeed have
a measurable, albeit exceedingly weak, viscosity dependence.

In a study of several heme proteins in trehalose glasses,79 it
was demonstrated that the influence of a glassy solvent
(effectively infinite viscosity) on the protein dynamics was to
turn off the slower dynamical motions while the fast structural
dynamics remained. The infinite viscosity trehalose experiments
are the extreme of a change in viscosity. In the trehalose glasses,
the viscosity-independent dynamics were motionally narrowed.
Through comparison to molecular dynamics simulations, it was
demonstrated that those dynamics corresponded to very fast
small amplitude essentially harmonic atomic displacements
within the protein structure.79 In the present work, the time scales
of the structural motions influenced by the sol-gel environment
are comparable to the time range of a vibrational echo decay at
a singleTw (several picoseconds) out to the time scale of several
Tw. The frequency fluctuations caused by protein structural
fluctuations that were “turned off” by the trehalose glass are
those that are slowed in the sol-gel environment. Further
information, including the relevant FFCF parameters for direct
comparison to the trehalose experiments, is available in the
Supporting Information.

In stimulated vibrational echo experiments, the dynamics that
occur on time scales longer than those shown for a single
vibrational echo decay (Figures 2 and 3) can be measured by
varying the time delay between the second and third pulses,
Tw. An entire decay curve is measured at eachTw, and the full
curves are used in quantitative analysis of the data. AsTw

increases, a broader distribution of protein conformations, and
therefore a wider range of frequencies, is sampled through a
process termed spectral diffusion. The increase in the sampled
frequencies can be viewed as an increase in the dynamic line
width that is buried under the inhomogeneously broadened
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Figure 3. Spectrally resolved vibrational echo decays atTw ) 0.5 ps for
CO bound to aqueous (solid line) and sol-gel-encapsulated HbCO (dashed
line) at 1951 cm-1.
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absorption spectrum. As the dynamic line width increases, the
vibrational echo decay curve, which is the Fourier transform
of the dynamic line shape, decays more rapidly, and the peak
of the decay moves towardτ ) 0. Rather than plotting a series
of complete vibrational echo decay curves, a convenient method
of displaying the trends in the data is to plot the vibrational
echo peak shift32,106-108 as a function ofTw. The vibrational
echo peak shift is the difference between the time of peak
amplitude of the echo decay curve andτ ) 0. For a long enough
Tw, spectral diffusion is complete, and all chromophores have
sampled the entire spectral line. In this case, the dynamic line
shape is equal to the absorption spectrum, and the vibrational
echo decay is the free induction decay, which has a peak shift
of zero. The vibrational lifetime,T1, limits the maximum time
scale of the vibrational echo measurements and, therefore, the
frequency range of structural fluctuations that are involved in
the vibrational echo measurements. AsTw is increased, the
vibrational echo signal decreases because vibrational relaxation
reduces the population of excited CO oscillators. However,Tw

is not a hard cutoff of the time associated with dynamical
fluctuations that contribute to the vibrational echo decay. Rather,
fluctuations that occur on the time scale of a few timesTw also
contribute at eachTw.109-111 Because of the limitation imposed
by the lifetime, the limit of zero peak shift is not reached in the
present experiments; not all protein configurations that influence
the frequency of the CO vibrational transition have been
accessed. In these stimulated vibrational echo experiments on
heme proteins, the fluctuations that occur on time scales longer
than∼50 ps appear as inhomogeneous broadening.

The vibrational echo peak shifts for MbCO are shown in
Figure 4a as a function ofTw. The peak shift values for sol-
gel-encapsulated MbCO (R) 15, circles) are consistently larger
than those for the aqueous protein (squares). Figure 4b displays
the vibrational echo peak shifts for HbCO, which are also greater
for the sol-gel-encapsulated proteins than those for the aqueous
protein solution. These figures demonstrate that the impact of
sol-gel encapsulation, as displayed by the magnitude of the
vibrational echo peak shift, is greater at allTw values for MbCO
than for HbCO compared to the proteins in aqueous solutions.
At eachTw, both proteins in aqueous solution have sampled a
greater fraction of the inhomogeneously broadened spectral line,
and therefore a greater fraction of accessible structures, than
the sol-gel-encapsulated samples. TheTw-dependent results are
consistent with the faster dephasing shown for the aqueous
protein relative to the sol-gel-encapsulated protein in Figures
2 and 3. TheR values used to prepare the sol-gels were found
to have no significant effect on theTw-dependent vibrational
echo decays for either protein (data not shown). As discussed
below, use of viscosity-dependent vibrational echo decays
permits an effective viscosity to be assigned for each protein
encapsulated in the sol-gel glasses.

To compare the shapes of the proteins’ vibrational echo peak
shift curves, the aqueous and sol-gel-encapsulated MbCO data
were fit as single exponential decays plus a constant with time
constants of 5.2( 0.7 and 4.4( 0.4 ps, respectively. For the
aqueous and sol-gel-encapsulated HbCO, single exponential
decay time constants of 5.6( 0.7 and 5.4( 0.2 ps, respectively,
were obtained. The constant offsets for all vibrational echo peak
shift plots are indicative of the slow frequency fluctuations that
occur on time scales that are longer than several times the
longestTw values. Therefore, within error, the rates at which
the vibrational echo decay peaks are shifting toward the origin
for MbCO and HbCO are the same for each protein in aqueous
and sol-gel-encapsulated environments. This demonstrates that
the protein dynamics, as sensed by the heme-bound CO, that
occur on time scales longer than a few picoseconds are virtually
unaffected by the sol-gel encapsulation. Therefore, the very
fast structural dynamics of both MbCO and HbCO are affected
in a similar manner by the surrounding environment. The
vibrational dephasing rate is decreased (time scale of a few
hundred femtoseconds to several picoseconds), while spectral
diffusion on a longer time scale (tens of picoseconds) remains
approximately the same.

That the fast dynamics of both proteins are sensitive to the
sol-gel pore environment while the tens of picoseconds
dynamics are unaffected is a dynamical trend that is consistent
with a viscosity effect at relatively low viscosities. In this
context, the results shown above can be compared to unpub-
lished data taken in this lab on five proteins, including MbCO
and HbCO, in aqueous/fructose solutions in which the concen-
tration of fructose was increased to increase the viscosity. The
viscosity dependence experiments span viscosities from aqueous
solutions to solid glasses and will be reported in a forthcoming
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Figure 4. Vibrational echo peak shifts as a function ofTw for (a) MbCO
and (b) HbCO in aqueous and sol-gel-encapsulated environments. In both
frames, the filled squares represent the aqueous protein data, and the filled
circles represent the sol-gel-encapsulated protein peak shifts. The solid
lines represent single exponential fits to the data with time constants of (a)
5.2 ( 0.7 and 4.4( 0.4 ps for aqueous and sol-gel-encapsulated MbCO
and (b) 5.6( 0.7 and 5.4( 0.2 ps for aqueous and sol-gel-encapsulated
HbCO, respectively.
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publication. The quantitative description of the viscosity de-
pendence of HbCO and the A1 state of MbCO, manifested in
their viscosity-dependent FFCFs, allows the calculation of
vibrational echo decays for aqueous solutions with any viscosity.
The FFCF parameters calculated at discreet viscosity points vary
smoothly, which allows FFCF parameters at other viscosities
to be obtained by interpolation. In Figure 5a, the measured
vibrational echo decays for aqueous and sol-gel-encapsulated
MbCO atTw ) 0.5 ps (reproduced from Figure 2) are overlaid
with calculated vibrational echo data for the protein in 2.5 cP
(aqueous solution with the protein) and 45 cP solutions. It is
clear that the echo decays calculated at these viscosities are in
good agreement with those measured for aqueous and sol-gel-
encapsulated MbCO. This demonstrates that the effective
viscosity experienced by MbCO in the sol-gel matrix is∼20
times greater than that of the protein in aqueous solution. In
contrast, only a 2-fold increase (1.5-3 cP) in effective viscosity
is produced by sol-gel encapsulation of HbCO atTw ) 0.5 ps
(Figure 5b).

The absence of anR dependence (pore size dependence) in
the measured vibrational dephasing and spectral diffusion is
consistent with templating of the silica matrix around the protein
and the production of a thin layer of surrounding water during
the sol-gel encapsulation process. In this manner, the pore
dimension is determined at the gelation point by the size of the
protein and is unaffected by theR value used to prepare the
silica matrix. Rotational anisotropy measurements of water
confined to nanoscopic pores in reverse micelles can be used
to obtain a rough approximation of the thickness of the water
layer that surrounds the proteins in sol-gel glasses.38 The

Debye-Einstein-Stokes equation112 predicts that the rotational
correlation time (τ) is directly proportional to the viscosity (η)
of the solution. Since the effectiveη is known to increase with
decreasing confinement length,38 these results imply that MbCO
is surrounded by a thinner layer of water than HbCO. Using
the rotational correlation times reported by Tan and co-
workers,38 it is estimated that water confined to a length
dimension of less than∼2 nm is required to obtain the 45 cP
aqueous environments estimated for the water surrounding sol-
gel-encapsulated MbCO. Although this approximation ignores
the protein interactions with the silica pore walls and treats the
water layer thickness as the diameter of a sphere, it is not
unreasonable to expect that silica polycondensation that is
template-directed by a nanoscopic protein would produce
interstitial solvent space of these dimensions. Using the same
procedure, it is estimated that sol-gel-encapsulated HbCO is
surrounded by a layer of water that is∼5 nm thick. These
distances are rough estimates because the comparisons to AOT
reverse micelles38 ignore the differences in the interfacial
structure of AOT (ionic) and the sol-gels (not ionic).

It is surprising that, within the approximations used above,
the dephasing dynamics of sol-gel-encapsulated HbCO reflect
a surrounding water layer that is∼3 times thicker than that of
MbCO. One possible explanation for this phenomenon is that
the folded structure of HbCO becomes partially denatured during
the encapsulation process. This would result in an increased
protein volume at the point of silica templating. It has been
estimated that the radius of gyration for a protein can change
by as much as 50% upon folding from a denatured state.113-115

As the silica matrix cross-links and generates water through
polycondensation, the protein refolds into a more compact
structure, which increases the thickness of the surrounding water
layer. The water pool is generated by the silica polycondensation
reactions as well as the hydrophobic collapse that expels water
from the hydrophobic regions of the folding protein. Although
the conditions used to prepare the sol-gel-encapsulated proteins
in this study minimize the denaturing conditions, both encap-
sulated proteins are initially prepared in a low pH solvent amidst
a process that generates methanol. It has been noted that
myoglobin has a higher stability toward denaturation than
hemoglobin116 and is, therefore, feasible that HbCO partially
denatures and refolds while MbCO remains compact during the
encapsulation procedure. It is important to note that the IR
spectra, which are very sensitive to structure, indicate that the
proteins prepared in sol-gel glasses were in their correctly
folded states at the point of data collection (see Figure 1).

In addition to an increased viscosity for the surrounding
solvent, it is reasonable to expect that the proteins in this study
have some degree of interaction with the pore walls. As noted
above, the hindered rotation of proteins in silica sol-gel pores
results from substantial interactions between the protein exterior
and the hydrophilic pore walls.23,29,30Nonetheless, the stimulated
vibrational echo data shown above for MbCO and HbCO
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Figure 5. (a) Spectrally resolved vibrational echo decays atTw ) 0.5 ps
for aqueous (squares) and sol-gel-encapsulated MbCO (circles) at 1945
cm-1. The overlaid solid lines are calculated vibrational echo decays atTw

) 0.5 ps in aqueous solvent viscosities of 2.5 and 45 cP to match the
experimental aqueous and sol-gel data. (b) Spectrally resolved vibrational
echo decays atTw ) 0.5 ps for aqueous (squares) and sol-gel-encapsulated
HbCO (circles) at 1951 cm-1. The overlaid solid lines are calculated
vibrational echo decays atTw ) 0.5 ps in aqueous solvent viscosities of
1.5 and 3 cP to match the experimental aqueous and sol-gel data.
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encapsulated in sol-gel glasses arenot representative of proteins
whose surfaces are completely immobilized by a glassy matrix.
Vibrational echo spectroscopy and molecular dynamics simula-
tions for several heme proteins in trehalose glasses have
demonstrated that nearly all of the structural dynamics slower
than a few hundred femtoseconds are effectively turned off when
the protein surface is fixed.79 Furthermore, the linear IR spectra
showed static frequency shifts and increased inhomogeneous
broadening indicative of locking the proteins into many
structural configurations. In contrast, the steady-state and
vibrational echo data in silica sol-gel glasses reveal proteins
in an environment that is similar to an aqueous environment
with an increased viscosity. The distinction between protein
dynamics in sol-gel and trehalose glasses has been noted
previously by Abruzzetti and co-workers19 and is evidence that,
while some pore wall interactions prevent global macromo-
lecular rotation, a large fraction of the protein surface remains
in contact with the nanoscopic water surrounding the protein
in the pore.

Finally, although the protein dynamics in sol-gel glasses are
very different from those of a protein encased in a trehalose
glass, it is notable that the mechanism by which the structural
fluctuations are damped in these two systems may not be
completely dissimilar. The protein immobilizing effect of a
trehalose glass has been shown to occur by an indirect
mechanism in which the trehalose matrix constrains a thin layer
of water at the surface of the encapsulated protein.79,117-119 The
drastic reduction in fast dynamics in a trehalose glass79 is
perhaps an extreme example of the dynamic effect observed in
the vibrational echo measurements for a protein in a sol-gel
pore surrounded by a substantially thicker layer of confined
water. To unambiguously determine the molecular origin of the
change in the structural dynamics observed in these studies
would require molecular dynamics simulations of the proteins
in both the sol-gel and trehalose glass environments. Nonethe-
less, the nanoscopic dimensions inferred for the water surround-
ing the proteins in the sol-gel glasses in this study are similar
to those found in many biological situations, and the results
suggest the nature of the influence such environments may have
in biologically confined systems.

IV. Conclusions

The ultrafast IR spectrally resolved stimulated vibrational
echo data presented here reveal important new aspects of the
complex dynamics experienced by proteins in a spatially
confined environment. Unlike previous studies that probed
macromolecular rotations and protein dynamics following an
electronic transition and/or CO ligand photolysis, this work has

measured the fast structural dynamics of ground state equili-
brated proteins encapsulated on a nanoscopic length scale. For
both MbCO and HbCO, vibrational dephasing (femtosecond to
picosecond) in the sol-gel environment is measurably slower
than in aqueous solution, although the CO dephasing in MbCO
shows a greater sensitivity to the nanoscopic environment. The
lack of sensitivity of HbCO to the sol-gel environment is
attributed to the presence of quaternary structure, which partially
shields individual subunits from the surrounding solvent. On
longer time scales (tens of picoseconds), spectral diffusion is
essentially the same for both proteins relative to aqueous
solution. The fast protein dynamics are unaffected by changes
in the R value used to prepare the sol-gel glasses, which is
known to vary the mean pore size. This supports the model in
which the silica matrix is templated around the proteins during
formation of the porous glass. A comparison to viscosity-
dependent studies for MbCO and HbCO in fructose water
mixtures reveals that the sol-gel-encapsulated MbCO and
HbCO dephasing data reflect effective viscosity increases to
45 and 3 cP, respectively. The difference in change in effective
viscosity with encapsulation from aqueous solution suggests that
the MbCO is surrounded by a layer of water that is 3 times
thinner than that of HbCO.

Unlike proteins encapsulated in trehalose glasses,79 the
majority of the fast structural dynamics sensed by the heme-
bound CO ligands in aqueous solution continue to be active
for these two proteins in the sol-gel glasses. At the same time,
the experimental results support an environment in which the
silica pore walls confine a nanoscopic layer of water around
the protein, which in turn affects the dynamics of the encap-
sulated protein. Although the solvent confinement is less extreme
in the sol-gel pores (i.e., the layer of water is thicker) than in
trehalose glasses, the mechanism of dynamic inhibition through
a constrained layer of water is a feature common to both
systems. The results may suggest a certain mechanistic general-
ity for fine-tuning protein structural fluctuations through mo-
lecular crowding and underscore the relevance of protein
encapsulation in silica sol-gel glasses to the understanding of
protein behavior in crowded physiological environments. In this
regard, it is an important and challenging goal for future studies
to characterize and understand the effect of varying thicknesses
of confined solvent on protein structure and dynamics.
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