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ABSTRACT: Radiation brightening was recently observed in a multifluorophore-
conjugated brome mosaic virus (BMV) particle at room temperature under pulsed
excitation. On the basis of its nonlinear dependence on the number of chromophores, the
origins of the phenomenon were attributed to a collective relaxation. However, the
mechanism remains unknown. We present ultrafast transient absorption and fluorescence
spectroscopic studies which shed new light on the collective nature of the relaxation
dynamics in such radiation-brightened, multifluorophore particles. Our findings indicate that
the emission dynamics is consistent with a superradiance mechanism. The ratio between the
rates of competing radiative and nonradiative relaxation pathways depends on the number of
chromophores per virus. The findings suggest that small icosahedral virus shells provide a
unique biological scaffold for developing nonclassical, deep subwavelength light sources and
may open new avenues for the development of photonic probes for medical imaging

Ultrafast Fluorescence ©
Spectroscopy

Superfluorescent
Virus-Like Nanoparticles

applications.

H igh-contrast luminescent nanoprobes enable myriad
applications, including biological detection,’ therapeu-
tics, ™’ sensing,4’5 optogenetics,é’7 and anticounterfeiting.g’9 For
the vast majority of current probes, radiation is the result of
random, spontaneous relaxation. Consequently, emission
dynamics obeys classical exponential decay.'’ Because back-
ground emission has similar dynamics, time-domain back-
ground removal to improve contrast is seldom a viable option
in imaging applications. Increasing the number of emitters per
nanoprobe to augment brightness generally results in self-
quenching due to interemitter distances becoming short
enough (<S5 nm) for efficient resonant energy transfer to
occur. Both challenges could be addressed by constructing a
multiemitter nanoprobe with correlated, nonclassical emission.
In this Letter we present experimental evidence for this
behavior, which is found to occur when a dense array of
hundreds of fluorescent dyes, deterministically arranged on a
28 nm diameter icosahedral virus template, is excited by an
ultrafast laser pulse.

Radiation brightening from dye-conjugated fluorescent
virus-like particles (fVLPs) was first reported by Tsvetkova
et al'' It was found that when the chromophores are
conjugated to the reactive residues of the brome mosaic
virus (BMV) at capsid interfaces, emission by the comPlex is
strongly accelerated with respect to that of the free dye.'' The
brightening effect was found to be a nonlinear function of (N},
the average number of chromophores per particle. Specifically,
as (N) increased, an initial quenching of the fluorescence was
observed. When (N) exceeded ~150 chromophores/particle,
the quenching was suppressed and fluorescence was restored.
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Because of limited time resolution and other detector
limitations, the dynamics of restored fluorescence emission
remained unknown, but it was clear that it was significantly
shorter than that of free chromophores. Thus, the origins of
the phenomenon were attributed to a collective effect."”'* To
obtain additional information about the mechanism of
radiation brightening in fVLPs, we performed measurements
of the emission and the excited-state relaxation dynamics.

We found that instead of the several nanosecond exponential
decay expected from individual chromophores in solution,
emission from a multifluorophore virus particle, at saturation
coverage, occurs as a short burst of ~20 ps. Peak intensity is
attained at ~25 ps after the ultrafast excitation pulse. Instead of
being nearly quenched like under continuous-wave excitation,
the estimated quantum yield in burst-mode is comparable to
that of free, individual chromophores. These unusual
characteristics occur at room temperature, in a biocompatible
setting. Such viromimetic probes are promising to overcome
some of the current limitations of classical biophotonic probes
and open new venues in fluorescence imaging.

In this work, a fluorescein-derived dye, Oregon Green 488,
was covalently bound to the BMV capsid via NHS ester
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Figure 1. (A) Schematic of accessible labeling sites on BMV capsid: red, external lysines K64, K10S, and K16S; green, internal lysines K41, K44,
and K86. (B and C) Transient absorption surface plots of free OG and BMV-OG278 following an initial excitation at 7.1 mJ/cm?. The color scale
corresponds to the difference between the absorbance of the samples in excited and ground states (units of mAA).

labeling of exposed lysines."' The maximum labeling density
was ~300 dyes/virus'' (see Figure S1). Figure 1A shows a
molecular model of BMV, with the dye-accessible external and
internal lysines colored in red and green, respectively.'” Here
“internal” means located between the lumenal and outer capsid
surfaces. The minimum nearest nei@hbor distance between
lysines was estimated to be 1.9 nm."" Because of negligible
nearest-neighbor electronic coupling (Figure S1), no spectral
changes were observed in the absorption or emission spectra as
a function of N.

To follow the excited-state dynamics of coupled chromo-
phores in fVLPs as compared with free chromophores in
solution, we performed pump—probe femtosecond, transient
absorption (TA) spectroscopy. Differential absorption (AA)
spectra of isolated chromophores and fVLP samples with an
average number of 278 dyes per particle (termed BMV-
OG278) are presented as a function of the wavelength and
time-delay in panels B and C of Figure 1, respectively. The
ultrafast excitation pulse at 488 nm was provided by an optical
parametric amplifier pumped by a regenerative amplifier (~120
fs pulse width). The particular choice of wavelengths has been
made to operate the pump as close as possible to the maximum
absorption of virus-bound chromophores because it was shown
before that a high number of excited chromophores is
necessary for collective emission."’

In both the free dye control and the BMV-OG278 sample,
two intense negative signals are evident at very early times in
the transient spectra (Figure 1). One appears at 570—580 nm,
and it can be attributed to Raman scattering of water."”
Because this event is simultaneous with the excitation pulse, its
appearance defines the zero delay between pump and probe
pulses. The second, early negative signal is due to the coherent
interaction between pump and probe pulses, which leads to
stimulated Raman amplification appearing at 650—750 nm."*
Both Raman signals vanish within 0.4 ps from the pump pulse.

A spectral region of particular interest is 5S00—540 nm,
where ground-state bleach (GSB) is expected. Indeed, both
sample and control exhibit a prominent feature in this spectral
region (Figure 1B,C). However, there are also some stark
differences between the two: In particular, the excited-state
decay is much faster for the BMV-OG278 sample than for the
free dye solution.

The minima in AA spectra at 498 nm for free dye and 504
nm for VLP-bound chromophores are consistent with the peak
wavelengths for steady-state absorption (Figure S1), which
supports their assignment as GSB features. The 5—6 nm shift
between free and bound chromophores is attributable to the
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difference in the dielectric constant between protein and water.
The stimulated emission induced by the probe laser is expected
to overlap with fluorescence emission wavelengths (peak
emission at 510—515 nm for free dye and at 518—525 nm for
bound chromophores), be more prominent at higher pump
fluences, and show a shift in the SE peak position with time.
No such characteristics have been observed in the evolution-
associated decay spectra (Figures S3—S7) or in the global
fitting results (see below).

Global analysis was performed on the raw TA data sets to
obtain decay-associated spectra (DAS) for free and VLP-
bound dyes (Figures S8—S12). For the free dye, global analysis
yielded single DAS with characteristic times longer than 2 ns,
which we associate with GSB. In contrast, BMV-OG produced
two DAS: one with characteristic times of 21 ns and one with
~25 ps. The long characteristic time DAS is similar to the free
chromophore DAS. Note that the short characteristic time
DAS has a prominent extremum at 4 & 510 nm, red-shifted
from peak absorption wavelength for the free dye (498 nm)
and from the bound chromophores (504 nm), suggesting the
fast relaxation pathway occurs in a subset of chromophores in
agreement with previous findings.'?

To gain access to the weights of each contribution to the
kinetic traces, TA spectra were integrated from 520 to 530 nm
and fitted with an exponential model from 400 fs to 2.6 ns
(Figures S14—S18). For analysis, the wavelength and time-
delay range were chosen past the ground-state bleach
minimum to avoid artifacts from pump laser scattering and
to remove coherent artifacts which arise around the zero delay
time where the pump and probe beams are temporally
overlapping.'>'® Exponential fit parameters (amplitude and
decay time) were obtained by means of the nonlinear least-
squares method, and the estimates of the errors from the
model were computed from the sample covariance matrix. Best
fit kinetic models for the transients were found to be
predominantly monoexponential for the free fluorophore and
biexponential for the virus-bound fluorophore. Normalized
amplitudes (A;) and decay times (z;) obtained from the fit
procedure are presented as a function of (N) in the plots in
Figure 2, with (N) = 0 corresponding to free chromophores in
solution.

At low pump fluence, the excited-state lifetime (z;) of free
dyes measured by TA was on average ~3.3 ns, which matches
the spontaneous emission lifetime of OG in solution. Because
the quantum vyield is high for this dye, fluorescence emission is
the dominant pathway in the relaxation dynamics of the free
fluorophore excited at 488 nm. The long lifetime component
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Figure 2. Fit components for the excited-state decay dynamics plotted
against varying (N), i.e., number of chromophores/virus. Top panels:
amplitudes A; and A,. Bottom panels: Lifetimes (z;) and (7,).

(7)) exhibits a monotonic shortening as the number of bound
dyes increases (Figure 2C, red curve). At high labeling density,
the 7, is reduced by a factor of 6 when compared to the free
fluorophore. This shortening of the lifetime matches that of
previous fluorescence lifetime experiments at similar excitation
fluences and (N) where the fluorescence lifetime was
shortened, and the photon counts were quenched upon an
initial increase in (N)."" This is because at low pump fluence,
the number of simultaneous excitations per pulse is small. The
majority of chromophores are in the ground state, and there is
a high probability for homo-resonance energy transfer (RET)
to occur, with the indirect result of commonly observed
concentration quenching.w’18 Thus, we note a correlation
between the evolution of the TA 7, and that of the streak
camera measured fluorescence decay.

As the pump fluence increases, 7; decreases for the free dye,
possibly due to an increase in intersystem crossing and triplet-
state formation'® or, in a lesser extent, to photobleaching.

Indeed, typically, 10—20% photobleaching was observed
between the first and second run for each sample. However,
at high labeling density ((N) 2 200), 7, increases from ~600
ps at lowest pump fluence up to ~2000 ps for highest pump
fluence. Thus, it appears that the nonradiative rate, which was
deemed responsible for the initial shortening of the lifetime at
low fluences and high density,"" slows down to a value that is
observed only at lower labeling densities. This suggests that a
subset of chromophores relax as they were isolated from the
others.

The second fit component (parameters A, and 7,)
dominates BMV-OG dynamics at short times. Therefore, a
new relaxation channel has opened that operates only in high-
load multifluorophore VLPs. The associated amplitude A, is
significantly greater than A, (Figure 2B). Its time constant is 7,
~ 25-35 ps for low and medium fluence and ~20-25 ps for
the highest pump fluence (Figure 2D). This component
appears to decrease with the number of dyes per virus,
although the trends are noisy (Figure 2D).

To summarize up to this point, two factors appear to lead to
changes in the excited-state dynamics: (i) pump fluence at
fixed (N) and (i) (N} at all fluences. Specifically, relaxation
dynamics is accelerated when (N) increases.

While fluorophore coupling clearly affects relaxation life-
times, the result of the competition between nonradiative and
radiative relaxation channels cannot be gauged based on solely
TA. To obtain further spectral and temporal information on
fluorescence emission, we have performed time-resolved
fluorescence spectroscopy with a streak-camera detector.
Panels A and B of Figure 3 present spectrally and time-
resolved fluorescence emission for free fluorophore and BMV-
0G204, respectively. The pump pulse arrives at t, & 110 ps.
Raman scattering from water, at ~560—580 nm, is
simultaneous with the pump pulse. Also, a faint spot at ¢,
can be observed at ~500—510 nm in free OG and BMV-OG
samples. This is due to elastic scattering of the laser line being
incompletely suppressed by laser rejection filters. The
scattering peak is very faint in the case of free OG because
this sample does not scatter as strongly as the virus particles.
The inelastic and the elastic scattering peaks are convenient
because they facilitate the timing of fluorescence emission with
respect to the pump pulse.

For free dye samples, emission is spread in time and decays
uniformly along the entire measured time interval (Figure 3
A,C). In stark contrast, the fluorescence from the BMV-OG
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Figure 3. Dynamics of fluorescence emission using a streak-camera detector. The total dye concentration for all samples was kept at 200 nM, and
the laser energy density was 16.2 mJ/cm’ (A) Free OG dye. (B) BMV-OG204. (C) Wavelength-integrated (510—540 nm), time-resolved

fluorescence decay traces for BMV-OG and controls.
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samples is emitted as a burst of ~20 ps duration. The burst is
delayed with respect to the pump pulse, with a maximum
occurring at t & 25 ps after excitation (Figure 3B,C). At this
point, we note that the value of 7, from TA measurements is
close to the characteristic time of the fluorescence burst
observed in the streak-camera experiment. This observation is
consistent with the short relaxation pathway observed in TA
corresponding to radiative relaxation. The wavelength-
integrated peak amplitude of the burst shows a 2X increase
when (N) is increased from ~140 to ~200 dyes per virus
(Figure 3C).

What phenomena could potentially be responsible for the
delayed, nonexponential, accelerated radiation in VLPs? We
consider superfluorescence (SF), superradiance (SR), and
amplified spontaneous emission (ASE).”>*' Although we are
not completely excluding the possibility of lasing, i.e., light
amplification by stimulated emission, we note that it is less
likely, at least in the conventional sense, because of the absence
of a resonator, the extremely small VLP volume, and thus the
small Purcell factor.*”

There are qualitative differences between ASE and SF in
both the time and frequency domains. In the freguency
domain, SF(SR) emission occurs in a broader window,”” while
in ASE, spectral narrowing is expected as pump intensity
increases.”” Both steady-state and pulsed emission spectra were
studied previously, and no spectral narrowing could be
observed.'' However, ASE cannot be ruled out based on
solely the absence of observable line narrowing argument
because of the relative low maximum fluence at which our
experiments were performed. Nevertheless, a few other
characteristics are useful in discriminating between ASE and
SF, as discussed in the following.

In the time domain, the SF pulse is sharp and develops after
a time delay.”® The fluorescence emission dynamics presented
in Figure 3 clearly shows a 25 ps delay with respect to the
arrival of the excitation pulse. In ASE, the time delay is
vanishingly small, the output pulse is generally longer than in
SF and noisy, and the pulse duration is insensitive to dephasing
factors (e.g,, local viscosity and temperature).”*™** In this
context, as shown in previous work'"'? the radiation
brightening from multifluorophore VLPs is very sensitive to
the local environment. Indeed, the introduction of a longer
linker between the virus template and the chromophore or
substitution of the viral template by a silica nanobead
completely suppressed the collective emission.'’ This would
be hard to explain within the ASE framework, which is much
less sensitive to dephasing, but it would be reasonably expected
if we were dealing with SR or SF. Second, solutions are
extremely dilute. ASE involving multiple particles will not
happen at such concentrations. On the other hand, ASE within
individual VLPs is unlikely because the total number of
emitters is too small.

A rough estimate of the number of coupled chromophores
can be made by using the cooperative lifetime (7,) formula:*®

_ Snﬂ'ﬂ
Y32 N (1)

where A is the area of the VLP; T is the reciprocal of the
Einstein coefficient A; and N is the number of coupled
chromophores, which in general is expected to be smaller than
the average number of supported chromophores (N). For a 7,
~ 1S ps, one estimates a number N ~ 30 (see also the simple
no-dephasing two-level model in the Supporting Information,
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section “A simple model of superradiant emission dynamics”,
and Figure S19 for an illustration of the emission dynamics.)
This value, which is smaller than the (N) value at the
threshold, supports the previous findings that a subset of
chromophores is responsible for the effect.'”

A striking similarity exists between the time evolution in
Figure 3C and the theoretical plot of the temporal evolution of
the N atom cooperative spontaneous emission in ref 28
(Figure 4a,b in ref 28). Note that even the small temporal
ringing was reproducibly observed in the fVLP streak camera
experiments (see Figure 3B—C at t & 60 ps after excitation).

Therefore, the delayed, intense pulse of the fluorescence
emission prominently exhibiting a nonclassical time-depend-
ence in streak camera experiments, the broad fluorescence
spectrum, and the sensitivity to the fluorophore local
environment all point to a superradiance-like mechanism
responsible for radiation brightening. Moreover, a striking
feature is the fact that the phenomenon occurs at room
temperature, in solution. By contrast, SR emission dynamics
was extensively exgerimentally studied in atomic gases at very
low temperatures. ? Later, it was also detected in solids,* >
and molecular aggregates, at cryogenic temperatures.ss’36

Only recently SR was shown to occur at room temperature
in photosynthetic complexes.’”** The structured environment
within the photosynthetic complex is believed to promote
collective fluorophore behavior because ri§idity and proper
orientation can alleviate thermal dephasing.” In support of this
idea, alterations in the relative position and orientation of
chromophores in the protein pockets of an artificial photo-
synthetic system were found to strongly affect the excited-state
dynamics of protein-bound chromophores.*”*" However, it is
worth emphasizing that interfluorophore interactions in light-
harvesting complexes and in most molecular J-aggregates are
characterized by strong coupling.**~

By comparison, the nearest-neighbor fluorophore distances
on BMV-OG are much longer than that of molecular
aggregates, which precludes electron tunnelling and points to
a qualitatively different mechanism. In our case, collective
emission of radiation arises from weak coupling at room
temperature. Until now, this coupling range has not been given
much attention. Dipole—dipole coupling is considered
detrimental to the formation of coherent multifluorophore
states.”” The “decohering” effect of dipole—dipole coupling
should be suppressed when the coupling interaction is
symmetrical by atom exchange. Could the virus template
symmetry play a role in enforcing this condition? The original
model of Dicke superradiance (see the Supporting Informa-
tion) and indeed, to the best of our knowledge, most
theoretical approaches that followed do not take into account
the spatial organization or orientation of the chromophores.
However, from previous work'"'” it is clear that the nature of
the template is important for the radiation brightening effect.
This interesting, open question warrants future studies of the
system presented here.

The virus template provides a molecular architecture that is
uniquely accurate relative to other nanotemplates. However,
the nature of chemical conjugation implies heterogeneity at
several levels. Specifically, we know that there are three broadly
defined chemical environments for the fluorophores.'” These
three environments have distinct labeling kinetics,"" which
means that one first saturates a domain (obtaining a reasonably
homogeneous sample) before the second, and so on. The first
to get labeled is the internal (lumenal) interfacial environment,
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where fluorophores bind to unstructured, flexible N-termini.
We know that removing the lumenal sites does not suppress
the radiation brightening effect. Thus, it is unlikely that the
lumenal fluorophore subset is responsible for the collective
behavior. This does not imply that it should be ignored in
future models; because of short interfluorophore distances,
RET is likely to occur between the correlated subset, after the
superradiant burst, and the still-excited fluorophores of the
uncorrelated lumenal interface subset. The second subset is at
the outer surface. Preliminary experiments could not detect
collective behavior in the emission from surface-labeled
residues.'” We note that orientational freedom is expected to
be increased at the outer surface. The third subset is buried
within the structural part of the capsid. These sites get labeled
at high pH, when the virus shell is swollen. Optical
measurements are done at low pH, where the shell is in a
compressed state and has a well-defined, symmetric structure.
This subset, characterized by low orientational freedom, is
currently the most likely candidate responsible for the bulk of
the collective response. Whole virus, all-atom molecular
dynamics studies are underway to quantify the differences in
these three environments in terms of orientational fluctuations.

Note that labeling site heterogeneity will occur even at
saturation labeling. Another type of inherent heterogeneity,
which could limit SF, is related to the (unknown) size of the
coherent domain: how many fluorophores can emit
collectively, even in a homogeneous subset labeled at
saturation, at room temperature? Time-dependent fluctuations
are expected to limit the correlation length. The latter can be
estimated by second-order photon correlation measurements,
which are underway in our laboratory.

Finally, the chemical conjugation approach will result in
kinetic labeling coverage fluctuations, especially in conditions
below saturation. Single-particle FLIM experiments (see
scatter plot in Figure 3 of ref 11) have indeed shown that,
below the loading threshold at which SF is observed, the
variance in particle intensity is the largest at low (N). This
suggests that particle loading heterogeneity decreases as one
approaches labeling saturation. However, when the loading
threshold for SF is reached, the variance (and the mean) for
single-particle intensity increase significantly. A possible
explanation is that the SF is sensitive to a different set of
conditions, as discussed above, than uncorrelated emission.

In conclusion, the symmetric, 28 nm diameter of the BMV
capsid provides a biological scaffold for a multifluorophore
array that acts as an antenna with accelerated emission rate at
room temperature that concentrates, at each pulse, ~200 eV of
light energy in a subwavelength volume, yielding an estimated
power density of approximately 1 TW/cm?. It is conceivable
that such power densities could be harnessed in the future to
perform efficient localized photochemical transformations. To
unveil the mechanistic characteristics of the phenomenon we
have employed time-resolved fluorescence dynamics ap-
proaches coupled with ultrafast transient absorption. Upon
excitation near saturation by pulsed irradiation, neighboring
chromophores are excited simultaneously and lateral resonant-
energy transfer and concentration quenching are largely
suppressed. At the same time, the excited virus-supported
chromophores couple directly by dipole—dipole interactions or
possibly via the template and relax cooperatively as the strong
dependence of the relaxation and the characteristic emission
times on the number of chromophores suggest.
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Enhanced light intensity, nonclassical emission dynamics,
and biocompatibility make viromimetic superfluorescent
particles promising for biological imaging at high background
conditions, as deep tissue optical probes, and as nano-light
sources for localized photochemical transformations.

B EXPERIMENTAL SECTION

BMV-OG Sample Preparation. BMV-OG samples were
prepared according to protocols previously described.'" Briefly,
the lysines of wtBMV were modified by covalent conjugation
with Oregon Green 488 carboxylic acid, succinimidyl ester."’
wtBMV stock in SAMA buffer (50 mM NaOAc, 8 mM
Mg(OAc), (pH 4.6)) was mixed with sodium bicarbonate
buffer (100 mM, pH 8.2) in 1:1 ratio to a final concentration
of 10" particles/ml. Dye stock was freshly prepared in DMSO
and was added to virus solution at varied ratios ranging from
500 to 10000 dyes/capsid. The DMSO concentration in
reaction mixture was kept constant at ~5 w/v%. The reaction
was left for 1—2 h at room temperature, followed by removal of
free dye via filter wash or dialysis with SAMA bufter. UV—vis
spectroscopy was performed to estimate the number of dyes
per virus, and fluorescence spectroscopy was used to confirm
the absence of free dyes in the purified samples.

Transmission Electron Microscopy. Electron-transparent sam-
ples were prepared by placing the dilute sample (10 L) onto a
carbon-coated copper grid. After 10 min, excess solution on
the grid was removed with filter paper. The grid was stained
with uranyl acetate (10 L of 2% solution) for 10 min, and the
excess solution was removed by blotting with filter paper. The
sample was then left to dry for several minutes. Images were
acquired at an accelerating voltage of 80 kV on a JEOL JEM
1010 transmission electron microscope and analyzed with the
Image] Processing Toolkit (see the Supporting Information).

Time-Resolved Pulsed Excitation Fluorescence Spectroscopy with
Streak Camera. The sample was excited by a pulse generated
through an optical parametric amplifier using a Ti:sapphire
femtosecond laser (Spectra-Physics Spitfire Pro). The pulses
have a wavelength of 4 = 480 nm, a duration of 35 fs, and a
repetition rate of 2000 Hz. The focused spot size was
measured to be 160 pm, and the average laser power varied
from 1 to 6.5 mW (or 0.5 to 3.25 uJ/pulse). The excitation
beam was directed at the cuvette at a small angle to prevent
cavity effect. The sample fluorescence was collected with a
lens, directed through a long pass filter (LPS08) and a 150 mm
spectrograph, and then was detected as a function of
wavelength and time after excitation using a photon counting
streak camera (Hamamatsu C5680). Data were collected and
preprocessed by HPDTA software, and further analysis was
done with Igor Pro software.

Transient Absorption Spectroscopy. Ultrafast transient absorp-
tion measurements were carried out using an output of a
regeneratively amplified Ti:sapphire laser (800 nm, 120 fs, 2
kHz repetition rate) which was split into two beams. The first
beam, containing 10% power, was focused into a sapphire
crystal to generate a white light continuum (440—750 nm),
which serves as the probe laser. The other beam, containing
90% of the power, was sent into an optical parametric amplifier
to generate the 480 nm pump beam. After passing through a
depolarizer, the pump beam is focused and overlapped with the
probe beam at the sample (focal diameter being 300 ym). The
sample was placed in 2 mm quartz cuvette equipped with
stirring bar to reduce sample photobleaching. For each sample,
two scans were acquired, compared, and found to exhibit
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negligible differences. These scans were averaged and used for
data analysis. The pump pulse fluence was varied from 0.71 to
14.2 mJ/cm?, while the probe pulse fluence was significantly
smaller and kept constant in all experiments. Because of
uncertainty of estimation of focal spot and absorption cross
section of chromophore antenna, the pump fluences were
chosen to be well below, close to, and well above the estimated
saturation point for photon density per virus (see Table 1).

Table 1. Photometric Quantities for {(N) = 300

average laser power fluence absorbed photons/pulse/
(mW) (m]J/cm?) virus
1 0.71 30
10 7.1 300
20 14.2 600

The number of absorbed photons per pulse per particle was
estimated by using single-molecule absortion cross section
calculated from molar absorption coefficient, ¢ = 0.56 x 107'¢
cm?, Prior to any analysis, spectra were corrected for chirp and
group dispersion velocity using Surface Explorer (Ultrafast
Systems).
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