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verstating the importance of

viruses for life on Earth is difficult:

associated with virtually every form
of life, viruses are ubiquitous, obligated
biological machineries lacking their own
metabolism.! Viruses are drivers of major
geochemical cycles, represent a force in the
evolution of species, and stand for the largest
reservoir of genetic material on Earth.??
From a biotechnological point of view, viruses
have evolved Nature's own targeted delivery
nanovessels and could bring improved
solubility, pharmacokinetics, biodistribution,
and designed specificity when compared
with small molecule drugs.*

Despite their fundamental part in the
fabric of life and recent interest for nano-
technology, the underpinning details of the
life stages of even the most studied viruses
continued to remain obscure until relatively
recently. With the first detection of a fluor-
escently labeled single virus in 1980,> a
wealth of new insights started coming from
studies of individual viruses during their interac-
tion with the host.°® For example, single
virus tracking allowed an estimate of time
scales for virus intracellular translocation,’
mechanisms of transport prior cellular entry,'
and heterogeneity of entry pathways."'

Through improved detectors,'? probes,'*
and illumination schemes,'® the impetus
gained by single-molecule fluorescence mi-
croscopy has also fueled progress in real-
time single-virus tracking.” With few notable
exceptions,'® in singulo studies of virus—
host interactions have relied almost exclu-
sively on fluorescence microscopy, and as a
consequence, the scope of such observa-
tions remains at present limited by the
intrinsic properties of fluorescent probes.
In introducing the need for an alternative
approach to real-time virus imaging, it is
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ABSTRACT Virus life stages often constitute a complex chain of events, difficult to track in vivo
and in real-time. Challenges are associated with spatial and time limitations of current probes: most
viruses are smaller than the diffraction limit of optical microscopes while the entire time scale of
virus dynamics spans over 8 orders of magnitude. Thus, virus processes such as entry, disassembly,
and egress have generally remained poorly understood. Here we discuss photothermal heterodyne
imaging (PHI) as a possible alternative to fluorescence microscopy in the study of single virus-like
nanoparticle (VNP) dynamics, with relevance in particular to virus uncoating. Being based on optical
absorption rather than emission, PHI could potentially surpass some of the current limitations
associated with fluorescent labels. As proof-of-principle, single VNPs self-assembled from 60 nm
DNA-functionalized gold nanoparticles (DNA-Au NPs) encapsulated in a Gag protein shell of the
human immunodeficiency virus (HIV-1) were imaged, and their photothermal response was
compared with DNA-Au NPs. For the first time, the protein stoichiometry of a single virus-like

particle was estimated by a method other than electron microscopy.

KEYWORDS: photothermal heterodyne imaging (PHI) - virus-like nanoparticles
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therefore worth examining how fluorescent
probe limitations reflect on our capabilities
of measuring dynamic processes at the
scale of a single virus.

The small size of most viruses limits the
number of fluorescent tags that can be
applied to a virion before crowding effects
start to interfere with virus function.® A high
density of fluorescent labels may also
lead to other adverse effects such as self-
quenching.'®'” We are thus led to the con-
clusion that, for single virus tracking, most
of the time it is desirable to have only a few,
sparsely distributed fluorophore tags. In these

conditions, the total photon throughput
is limited by photobleaching to 10*—10°
photons per fluorophore and therefore
~10°—10° photons per virus. At saturation
excitation, this corresponds to an average
time to photobleaching of a green fluores-
cent protein of ~4 ms for a maximum time
resolution of ~20 ns.'® The dynamic range
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of fluorescence-based optical probes is therefore lim-
ited to 5—6 decades.

Virus dynamics associated with quaternary structure
transformations and interactions with the host span
approximately 8—10 decades, from microseconds es-
timated for the bending motions of the dihedral hinge
between oligomeric structural subunits,'® passing
through milliseconds to minutes for fusion and cellular
membrane translocation,? to several hours or even
days corresponding to the systemic movement
throughout an organism.?'

Because of the several orders of magnitude differ-
ence in dynamic range between viruses and fluores-
cent probes, it would be challenging to follow by
fluorescence rare but rapid processes. As a conse-
quence, important phenomena such as virus self-as-
sembly, disassembly, and genome delivery have
remained until now beyond the reach of in singulo
fluorescence-based methods. For such phenomena, a
method providing an expanded dynamic range is
required. The approach described here introduces
such a method, which relies on the combination of
two concepts: a virus mimetic probe composed of a
virus protein shell (capsid) encapsulating a metal
nanoparticle and an optical tracking method based
upon the photothermal effect. It will be shown here
that such a technique is able to rapidly locate and
discriminate with quantitative accuracy between bare
and virus-coated nanoparticles.

Previous structural and biochemical studies support
the idea of in vitro self-assembled virus-like nanopar-
ticles (VNPs) as biologically relevant mimics for
viruses.*?> 27 The hybrid biological/inorganic particle
exhibits physical characteristics imparted by the nano-
particle core and shares some of the functional properties
of the original virus capsid. For example, for certain
core sizes, VNPs derived from brome mosaic virus (BMV)
share the same icosahedral capsid motif and structural
transitions with the wild-type virus.?® Furthermore,
successful cocrystallization at any ratio between native
BMV virions and BMV-VLPs was reported which sug-
gested that, even at molecular scale, the VNP surface is
probably similar to the native virus surface.”®

Due to the properties of the encapsulated core, a
VNP is much easier to track than a virus. This may
become particularly useful because, for example, fol-
lowing virus fate outside a host, in the environment,
has been even more elusive than tracking single
viruses inside cells. Versatility in incorporation of dif-
ferent types of nanoparticles such as quantum dots,®
iron oxide,>® and other magnetic particles as well as
gold nanoparticles?>! illustrates well the potential
held by VNPs for a wide range of imaging applications
relying on fluorescence, magnetic resonance, scatter-
ing, or optical absorption.

Because of their higher spatial resolution than MRI,
optical tracking methods based on fluorescence®%33
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TABLE 1. Parameters Used for Numerical Solutions

layer o (kg/m®) €, (/kgK) & (W/mK) D (m%s)
AuNP 19300° 129" 317 127 x10°%
DNA 1688° 2025° 06657  194x10°"
protein (Gag) 1063° 1795 0.2" 1.048 % 1077
water 997° 4200° 0616°  147x 1077

“COMSOL parameter databank. ® Calculated according to D = K/pG,. “ Calculated
from molar weight of the ligands, # of ligands per Au NP estimated from Hurst
et al,*® and volume in TEM and DLS experiments. ¢ Calculated from molar weight
of the proteins, average # of proteins.*® ¢ Sum of contributions from DNA>® and
tetraethylene glycol.>" Sum of contributions of the molar heat capacities of the
comprising amino acids.>?  Estimated from mass miture of the ligands.>>~>°
P Estimated from protein volume.”®

and scattering®**® have been favored for imaging
nanoparticle interactions with biological systems. Scat-
tering-based imaging can overcome some of the
challenges intrinsic to fluorescence imaging. However,
the strong size dependence of the scattering cross
section limits the applicability of light scattering micro-
scopies to particles of >30 nm. This is a limitation
especially important for small capsids, which cannot
accommodate large payloads. Another challenge, par-
ticularly important for in vivo tracking, comes from the
possible presence of other scattering centers, for ex-
ample, cellular organelles.*

For small particles, it is more advantageous to use
absorption as a contrast mechanism instead of scatter-
ing since the absorption effect scales as ~R® (R =
particle radius) instead of ~R® for scattering.3%3’
Photothermal heterodyne imaging (PHI) belongs to
the class of absorption-based techniques. Its contrast
relies on the differences in absorption occurring be-
tween metal or semiconductor nanoparticles and a
surrounding dielectric medium.3®~*' PHI detection
limits reach down to 1.4 nm for gold particles, making
it possible to record individual particle absorption
spectra in essentially background-free conditions.****
Furthermore, due to their large absorption cross sec-
tions, detection of metal nanoparticles by PHI was
shown to be largely insensitive to the presence of
much larger dielectric particles in solution,® allowing
for robust tracking of Au NP-labeled biomolecules in
turbid environments” A feature of PHI that has re-
cently been discussed is that signal strength depends
on the surrounding medium such as the immersion
liquid and thermal isolation of the substrate.** The
largest contribution to this signal increase comes from
the immediate surroundings of the nanoparticle;
hence, finite changes in the nanoparticle characteris-
tics, with dimensions close to the heat diffusion range,
can increase the signal strength. For nanoparticles
encapsulated in protein cages,* for example, the
protein layer, which has a lower heat diffusion coeffi-
cient than water (see Table 1), will act as an insulating
jacket for heat diffusion. The local temperature jump
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Figure 1. (a) Schematic of the Au—HIV Gag-VLP construct. (b) TEM picture of the assembly result. Average gold core diameter:

60 nm.

will be greater for a protein-coated particle than for an
uncoated particle. Therefore, in principle, PHI could
discriminate between protein-encapsulated nanopar-
ticles and bare nanoparticles. This feature will give
access to real-time optical measurements of the pro-
tein coverage in vivo, a potentially extremely useful
application in the study of virus life stages and possibly
of other protein-coated nanoparticles.*® Pathways of
processes like VNP disassembly and molecular recog-
nition could be thus probed at the scale of a single
particle and over virtually any length of time since
there is no bleaching or blinking.

This paper represents a quantitative analysis of the
effects that surrounding biomolecules have on PHI
signal intensity. The first question to answer is whether
the difference in signal between a naked core and a
complete shell VLP is significant enough to warrant
pursuing real-time experiments at laser intensities that
leave the protein structure unaffected. This question
will be addressed mainly theoretically in the first part of
the paper. The second part will be concerned with an
experimental application that validates the theoretical
findings, namely, estimating protein shell stoichiome-
try for HIV-1 Gag-VNPs. To the best of our knowledge,
this is the first time that a measurement of the average
number of proteins constituting a virus shell was
provided by an optical method.

RESULTS AND DISCUSSION

In PHI, illumination of noble metal nanoparticles
with a resonant laser beam results in heating of the
particle and subsequent thermal diffusion into the
surrounding medium. The generated thermal diffusion
profile causes a local change of the index of refraction
with An = (0ndT)AT, where (9ndT) ~ 10~ K~ for water
at visible wavelengths.*” The probe beam impinging on
the transientinhomogeneous refractive index profile is

scattered by it, and interference of the scattered field
Esc with the unperturbed field E,.s generates the photo-
thermal signal, Iy ~ |Fsc + Eref*. Detection is facilitated
by modulating the intensity of the pump laser beam
and extracting the component of the signal at the
modulation frequency Q using a lock-in amplifier.
Figure 2a provides a typical PHI map of a spread of
DNA-coated 60 nm Au NPs.

Due to the small size of the Au NPs compared to the
focal spot diameter, wo, of the heating laser, the
absorbed laser power P, is given by the average
power of the heating laser and the ratio of the cross
sections of the particle absorption o,,s and heating
laser A. In the framework of a heat point source model
for heat diffusion, the detected PHI signal can then be
estimated from**

Pabs = (Phealtqoabs>

Oabs a_n PheatpprobeAt
J'Ea)oA' aT iZCpQ

Spui & m
where n is the temperature-dependent index of refrac-
tion, Q is the modulation frequency, G, is the specific
heat capacity, At is the integration time of the lock-in
amplifier, and Ppope and A are the power and wave-
length of the probe laser, respectively.

To explore in a simple way first the main idea of a
particle coat-dependent signal, let us first assume that
the protein layer is thick enough to be approximated
by an infinite medium. For practical purposes, this
would be a satisfactory approximation if the protein
layer thickness was comparable with the width of the
thermal diffusion profile corresponding to the modula-
tion period. In this case, an analytical solution to the
heat diffusion equation is available, which predicts a
remarkable 2.5-fold increase in signal intensity for Au
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NPs embedded in a protein medium compared to
water. This significant increase is due to the difference

(a)

()

S: Sample
Stage: 3D Piezo Stage
AOM: Acousto-Optical
Modulator
DM: Dichroic Mirror
WP: Quarter Waveplate
BS: Polarizing Beamsplitter
PD: Photodiode

Figure 2. Photothermal heterodyne imaging: (a) 5 x 5 um
PHI scan of 60 nm Au NPs taken at a heating intensity of
25 uW and probe intensity of 4 mW, (b) optical overlap in
the focal point, (c) schematic of the optical setup.

in the heat capacities, C,,, of water and proteins of 4200
and 1795 J/kgK, respectively. However, a single protein
layer covering the Au NPs is considerably thinner
(5—15 nm) than the thermal diffusion length (~1 um).
This approximate analytical model is therefore over-
estimating the effects of a coating. In order to accurately
determine if the signal increase from a thin protein
layer is sufficient to distinguish between a VNP and a
functionalized nanoparticle, a numerical model was
utilized. Model parameters were based on an Au NP of
30 nm radius, with a surface-bound DNA 2.5 nm thick
layer, covered by a 15 nm thick protein coat. These
parameters have been chosen to match those measured
by TEM on Au HIV-1 Gag-VNPs (Figure 1b). Heating by
optical absorption and transient radial temperature
profiles were simulated for Au NPs and Au-Gag-VNPs
in water using the thermal parameters in Table 1.
Radial temperature distribution profiles correspond-
ing to DNA-coated nanoparticle cores and VNPs at 2 us
after the beginning of the heating pulse are presented
in Figure 3. The metal core exhibits uniform tempera-
ture over the entire volume (R < 30 nm, region A in
Figure 3). At the gold—water interface, the tempera-
ture falls off rapidly and returns to 298 K within 2 um
from the center of the particle. As one can easily
observe in Figure 3, a single additional molecular layer
adsorbed onto the gold surface will significantly affect
the thermal diffusion profile in the vicinity of the particle.
Furthermore, thermal diffusion profiles show a steeper

PEG-DNA HIV-1 Gag
Au NP
35 -
30 4
——DNA-Au NPs
®7 —Gag-Vips
- 20 4
=
=
< 15 -
a A B \
5 4 C D
1]
1] 10 20 30 40 50 60 70 80 90 100

R [nm]

Figure 3. Radial thermal diffusion profiles for DNA-coated Au NPs and Gag-VLPs at the center of the heating pulse. Heating
laser intensity: 10 uW. (A) Within Au NP volume, (B) PEG-DNA layer, (C) HIV-1 Gag layer for VLPs, water for DNA-Au NPs,

(D) water layer for both particles.
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Figure 4. Raw PHI signal corresponding to a cross-sectional
line profile passing through the center of a 60 nm DNA-
coated Au NP in Figure 2a.

gradient within the protein layer at 30 nm < R < 48 nm
(region C in Figure 3), while at R > 48 nm (region D in
Figure 3), the Au-Gag-VLPs exhibit slightly lower tem-
peratures than the DNA-Au NPs, especially toward the
end of the heating pulse (Figure S1 in the Supporting
Information). Since simulations were performed in
conditions of the same amount of absorbed heat, the
differences in the thermal diffusion profiles between
DNA-Au NPs and Au-Gag-VLPs originate from the
thermal properties of the materials and the thickness
of their respective layers.

Due to the temperature dependence of the refrac-
tive index, this gives rise to a change in the optical
signal that is proportional to the refractive index and
thermo-optical coefficient of the medium surrounding
the Au NP. In principle, two main effects contribute to
the change of the optical signal in Au-Gag-VLPs, the
change in the thermal diffusion profile (C,) and a
change in the optical response (n and dn/dT) of
proteins compared to water. For Au-Gag-VLPs, the
contribution from the change of n and dn/dT in the
adsorbing layer was estimated at 2 and 4% of the total
PHI signal, respectively (see Supporting Information).
Hence, the temperature increase at the AuNP coreisan
adequate estimate of the signal change in PHI experi-
ments on Au-Gag-VLPs. Note that the plot range in
Figure 3 roughly corresponds to the radius of the
diffraction-limited focal spot. Within this region, the
differences in the thermal profiles of encapsulated and
free NPs are significant: there is a temperature increase
of ~60% predicted for a 15 nm thick protein layer. The
next question is whether this change in temperature
may lead to a detectable difference in the PHI signal.

In answering this question, let us consider a cross
section through the raw experimental PHI signal com-
ing from a 60 nm diameter Au particle at 25 uW heating
power and 1 ms integration time per pixel (Figure 4).

VIEWEGER ET AL.

The signal-to-noise ratio in this case was S/N ~ 50, while
the signal-to-background ratio is S/B ~ 34. If based
upon these numbers, we assume that the minimum
detectable temperature difference corresponds to an
S/B = 2, the minimum measurable AT within a band-
width of 1 kHz is AT,a/17 = 1.2 K. Therefore, thermal
differences as large as those in Figure 3 should be well
above the detection limit of the method. A direct con-
sequence is that protein-coated and uncoated Au NPs
should be distinguishable by PHI. Moreover, it should
be actually possible to follow intermediate stages of
uncoating by monitoring the protein surface coverage.

Surface coverage is important not only for determin-
ing the pathways of uncoating but also because virus
capsids may, in general, be heterogeneous in their
stoichiometry. This is believed to be the case for
influenza and HIV, for example. With the exception of
electron cryo-tomography, we are unaware of any
other methods that can determine protein surface
coverage at the scale of a single virus.

In particular, virus protein shells such as those of the
immature HIV-1 Gag particle are believed to form
incomplete cages,®” while other viruses which have
icosahedral symmetry have large pores organized in a
symmetric array resembling wiffle balls.?®> The size of
these pores depends on the virus type but can vary by
as much as 20% as a function of environmental
changes such as pH, for example, for certain plant
viruses.>®7" For these viruses, a change in the pore
size will result in a change of the protein coverage and
therefore thermal insulation efficiency. As a result, the
transient temperature profile of the Au NPs will change
depending on the state of the virus capsid. Therefore,
the dependence of the degree of thermal insulation on
the protein coverage could be used, in principle, to
determine protein stoichiometry or structural rearran-
gement dynamics at the scale of a single particle.

To determine the magnitude of change that could
be induced by protein coverage, the heat diffusion
model geometry was adapted to incorporate cylindri-
cal openings of variable size in the protein layer. Due to
the radial dependence of heat diffusion away from the
Au core, a simplified model was devised with openings
equally distributed over the Au NP surface. The effect
of varying the protein coverage was studied by chang-
ing the diameters of these openings and simulating the
thermal diffusion for heating laser powers between 1 and
25 uW (see Supporting Information). Gradual decrease
of the protein coverage results in a significant drop in
temperature as soon as small openings in the protein
layer appear. Thus, a 30% loss in protein coverage cor-
responds a greater than 50% drop in the peak tem-
perature. Therefore, results of these numerical simula-
tions suggest that PHI should be useful in determining
the degree of completeness of a protein shell.

Besides protein adsorption or desorption, global mole-
cular rearrangements in response to changes in the
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Figure 5. Experimental dependence of the PHI signal on the
axis) and results from the theoretical model (left and bottom

heating laser power for DNA-Au NPs and Gag-VLPs (right and top
axis). In order to correlate theoretical and experimental findings,

the scales were adjusted to overlap results for DNA-Au NPs (black curve and points).

environment can also lead to a change of the thermal
properties of the protein capsid. For example, it is
known that the protein heat capacity varies with the
state of the protein, especially if structural rearrange-
ments result in a change of the amount of protein
surface that is exposed to the solvent.®? Hence, the
question of the importance of hydration for the ther-
mal properties of the capsid proteins has to be con-
sidered since a change in the thermal properties of the
protein layer will result in a change of the temperature
profile around the particles. Studies by small-angle
X-ray scattering and computational approaches re-
ported a content of ~20—40% by weight of water for
a wide range of proteins.%®> For globular proteins, for
example, contributions from hydration account for
between 15 and 40% of the total heat capacity corre-
sponding to the native and unfolded states,
respectively.>® The hydration effect was studied here
for volume ratios of water to proteins from 0 to 0.8
(Supporting Information, Figure S2).

In virus capsid transformations, a combination of
both effects, surface coverage and protein hydration,
may be expected in principle to occur which could
render the PHI signal interpretation challenging. How-
ever, theresults in Figures ST and S2 suggest that the
magnitude of the uncoating effect will exceed most
of the time by far the one associated with reasonable
hydration changes. However, knowledge of the
thermal characteristics of the protein and the devel-
opment of a specific model are necessary in order to
fully benefit from the potential of PHI as a quantita-
tive method.

VIEWEGER ET AL.

Experiments to determine protein shell complete-
ness by PHI were performed on the HIV-1 Gag-VLP
system, which represents a model for the HIV-1 im-
mature particle.*® The HIV-1 Gag-VLPs were chosen to
test the predictions from numerical simulations be-
cause they are believed to exhibit sizable gaps in their
protein lattice.*” The existence of gaps in the HIV-1
immature particles and HIV-1 Gag-VLPs was previously
determined by electron tomography®”** but never by
any other method. The current view on the native Gag
shell is that of a lattice with openings shaped as scars
resulting in a total surface coverage of ~70%.

PHI intensity data from 14 DNA-Au NPs and 21 Gag-
VLPs were recorded for laser powers ranging from 2 to
28 uW. Average signal intensities were plotted against
the average heating power (Figure 5). A linear regres-
sion of the data shows excellent fits with R* values
better than 0.999 for both samples, indicating a good
signal-to-noise ratio. The slope of the fits (d/pp/dP,yg)
represents an instrument specific responsivity, an ex-
perimental figure-of-merit characterizing signal gen-
eration efficiency with respect to absorbed heat,
integration time, probe laser power, and collection
efficiency. Experiments are performed while keeping
integration time (1 ms) and probe laser power (4 mW)
constant to allow a comparison of signal intensities
between DNA-Au NPs and Au-Gag-VLPs with results
from numerical simulations.

Responsivities of 3.694 and 4.386 uV/uW were de-
termined for DNA-Au NPs and Gag-VLPs, respectively.
As predicted by simulations, the insulating effect of the
Gag protein coat is lowering local thermal diffusivity
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Figure 6. Distributions of signal intensities obtained from
PHI experiments of DNA-Au NPs (black) and Gag-VLPs (red).
The bars represent counts of signal intensities of individual
particles in bin widths of 4 V. The curves represent
Gaussian fits with a mean and standard deviation of 34.9
and 6.87 uV for DNA-Au NPs and 43.55 and 8.31 uV for
Gag-VLPs, respectively.

with the consequence of an average increase of 18.7%
in PHI signal intensity. This signal increase lies well
within the theoretically predicted range of 16.1—22.6%
for protein hydrations of 40 and 20%, respectively, and
a coverage of 70%, in agreement with the expectations
from previous structural studies.

It is worth noting here that when PHl is to be applied
to quantitative analysis in singulo careful consideration
must be given to the core size polydispersity. The cubic
power dependence of the signal on the particle radius
results in a broader spread of intensity distribution.®®
Forexample, a sample of Au NPs with a size distribution
of 10% will feature a spread of signal intensity of ~30%.
However, for time course experiments, this character-
istic is not important. Figure 6 shows a comparison
between the distributions of PHI signal intensities
recorded from ensembles of DNA-Au NPs and Gag-
VLPs in assembly buffer. That is, 386 individual DNA-Au
NPs and 440 Gag-VLPs were imaged at a heating laser
power of 10 uW and a probe laser power of 1.25 mW.
These levels are 8 times lower than probe laser
powers that have successfully been used for in vivo
experiments.®® The histograms display a monomodal
size distribution, suggesting that dimers and other
higher aggregates were absent from the measure-
ments. The mean peak intensity for DNA-Au NPs was
found to be 34.9 uV with a standard distribution of
6.87 uV (19.7%). Gag-VLPs were found to exhibit a
mean intensity of 43.55 uV with a standard distribution
of 8.31 uV (19.1%). This amounts to a 24.8% increase
in PHI signal upon assembly of a HIV-1 Gag protein
coat, while the standard distribution remained essen-
tially the same. Comparison of the mean signal inten-
sities (Table S1 in Supporting Infomration) obtained
from histograms with the efficiencies determined from
the heating intensity series of individual particles
shows good overall agreement. The invariance of the

VIEWEGER ET AL.

standard distribution after assembly suggests that
broadening from coating is negligible with respect to
the broadening due to core size polydispersity. The PHI
signal increase of ~25% corresponds to HIV-1 Gag-
VLPs with an average surface coverage of 70% and a
protein hydration of ~15—20%.

A possible concern with PHI applications to protein
systems is its reliance on a temperature jump, which
could, in principle, denature the protein. The effect of
the temperature increase in photothermal experi-
ments on the surrounding biomolecules has been
studied.®” The midpoint for thermal denaturation T,,
varies widely among proteins. The mean and median
of 65 globular proteins, with known structure and
thermodynamics of unfolding, were found to be 65.5
and 62.5 °C, respectively, ranging from 25 to 104 °C for
individual proteins.%® Assembly of individual proteins
into hierarchical 3D structures such as protein cages
enhances thermal stability, as observed for dimeric and
assembled BMV proteins.®®

For HIV-1, being a mammalian virus, physiological
conditions occur at ~310 K. Since PHI signals can be
detected for temperature jumps of less than 5 K
occurring for less than 1 us, no structural distortion is
expected for most proteins which are stable at room
temperature.”® Quantitative analysis may require lar-
ger temperature jumps. For example, according to
Figure 5, a heating laser power of 10 uW results in a
maximum temperature rise of ~20 K at the particle
surface. The temperature will fall to a value below 1% of
the initial temperature in less than 2.5 us. As all
experiments are performed at room temperature, a
maximum temperature of ~45 °C was reached during
PHI experiments. Hence the native temperature of the
Gag proteins was never exceeded by more than 10 K,
which is far below the average midpoint of denatura-
tion for individual proteins.

Improvements in the S/N can be expected from
thermal isolation of the substrate and an increase in
the probe laser power,** hence, future applications
have the potential of further lowering the temperature
jump by a factor of 5 while maintaining the S/N.

As a final note, it is worth observing that, for a
particle of the size of HIV-Gag-VLP (~100 nm), ~3000
copies of Gag protein are needed to assemble a capsid
which covers 70% of the 60 nm particle core.*® The
~25% signal increase from the insulation due to the
protein layer corresponds then to a contribution of
~0.008% per protein and 0.05% per hexameric sub-
unit. This is below the noise level of the current
instrument, at least for temperatures that are reason-
able for in vivo conditions. While 25% signal change is
sufficient to determine whether the particle is as-
sembled, individual assembly steps and subunit dy-
namics seem to be out of reach. However, for other
viruses that require smaller Au core diameters, the
number of proteins needed to form a complete capsid
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will be considerably lower, and as a consequence, PHI
will be potentially useful to evaluate individual steps of
assembly.

CONCLUSION

In conclusion, we have demonstrated that changes
in the local environment of Au NPs can be followed by
photothermal heterodyne imaging. As a proof-of prin-
ciple, we have studied the change in the PHI signal due
to the encapsulation of a nanoparticle by a virus
protein coat. A numerical model was devised to study
the theoretical effect of different physical and chemical
factors on the strength and sensitivity of the PHI signal.
In particular, the importance of the protein surface

METHODS

DNA-Au NP Functionalization. Gold nanoparticle solutions were
purchased from British Biocell International. TEM analysis of 500
particles resulted in an average diameter of 56 nm (relative
standard deviation: 10%). Functionalization with 5'-thiol-mod-
ified PEG-DNA oligonucleotides (5'-HS-3[(CH,CH,0)g phosphor-
amidite]-(TG),5-3') was carried out with slight modifications of
the Hurst et al. protocol.*® Briefly, freshly reduced disulfide
bonds at the 5’-end of the nucleotides were added to the gold
nanoparticles at a ratio of 3 equiv of DNA/1 equiv of Au. Typical
gold and DNA amounts were 10 mL (from stock bottle) and
2 mg, respectively. After 2 h incubation, the mixture was brought
to 0.01 M in phosphate buffer (PB, pH 8) and 0.01% in sodium
dodecyl sulfate (SDS). After another 90 min incubation, the
mixture was brought to 0.05 M NaCl in PBS and then 0.1 M
followed by sonication for 10 s. The ionic strength was subse-
quently increased to 1 at 0.1 M intervals and spaced every
15 min. Thereafter, the reaction was incubated for 2 days at
room temperature in order to ensure oligonucleotide saturation
of the nanoparticle surface. The excess oligonucleotide was
removed through centrifugation (38 000g, 40 min, 4 °C, Beck-
man, floor model preparative ultracentrifuge, type 50.2Ti rotor).
Precipitated DNA-PEG-Au conjugates were resuspended in high
ionic strength buffer (50 mM HEPES, 0.5 M NadCl, pH 7.5) and
washed for a total of five times. The final pellet was resuspended
and stored in water. This procedure achieves an average cover-
age of ~2000 fifty-base ssDNAs per Au NP.*®

Gag-VLP Assembly. The major structural element of the HIV-1
immature particle, the Gag polyprotein, contains four major
domains: the matrix (MA), capsid (CA), nucleocapsid (NC), and
the C-terminal p6.”" The first three domains are required for
virus particle assembly. The minimal set of required compo-
nents for in vitro assembly of Gag-VLPs into virus-like particles
are the HIV Gag polyprotein or assembly competent recombi-
nant versions of Gag, such as the recombinant A16-99 Gag’*”?
and a source of nucleic acid. Encapsulation of Au NPs by
recombinant A16-99 Gag was carried out by adapting the Datta
et al. protocol (Figure 1).”* The deleted Gag protein construct
lacks the myristylated acid for improved solubility. In addition,
the p6 domain at the C-terminal region was missing since it
does not play a role for in vitro assembly.”>”>

Typically, in vitro assembly of A16-99 Gag around gold cores
was induced at a number ratio of 15 000 equiv of Gag to 1 equiv
of gold. The concentration of gold particles was calculated from
its absorbance value at 450 nm, taking into account the relation-
ship between the molar extinction coefficient and the particle
size.”® Prior to mixing with A16-99 Gag, DNA-PEG-Au in water
was buffer exchanged with high ionic strength buffer (50 mM
HEPES, 0.5 M NaCl, pH 7.5) at room temperature and mixed with
the corresponding amount of concentrated recombinant Gag in
storage buffer (50 mM HEPES, 0.5 M NaCl, 4 mM DTT, pH 7.5).
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coverage and hydration was examined and illustrated
through experiments done on HIV-1 Gag virus nano-
particles. A comparison of the temperature change
observed in simulations shows good agreements
with predicted relative signal strengths in PHI experi-
ments.

For the first time, an optical method was used in situ
as an alternative to TEM for estimating the protein
surface coverage of an immature HIV-1 particle model.
The results confirmed that 30% of the particle surface
should be covered by gaps, a result found in agreement
with previous knowledge from structural methods. The
described methodology will open new ways of mon-
itoring single nanoparticle—protein interactions.

The mixture was diluted with high ionic strength buffer to a final
protein concentration of T mg/mL. The assembly reaction was
dialyzed (20k MWCO) overnight against low ionic strength
buffer (50 mM HEPES, 0.1 M NaCl, T mM DTT, pH 8.0) at 4 °C.
Next day, assembly products in the form of HIV-1 Gag VNPs
were recovered from the dialysis bag and concentrated (300k
MWCO, 7000g, 4 °C) for EM analysis or subjected to a second
dialysis (100k MWCO) for removal of unbound Gag.

Sample Preparation for Imaging. Sample chambers for micro-
scopy were assembled from two coverslips (VWR micro cover
glass, 24 x 60 mm, No. 1'%,) separated by double-sided adhesive
tape with a thickness of ~70 um. The coverslips were cleaned
with piranha solution and coated with poly(lysine) (Sigma-Aldrich,
poly-L-lysine solution, P8920) to ensure immobilization of particles
on the surface. The double-sided tape had a narrow channel cut
out that acted as sample reservoir (typical dimensions: 1 mm x
70 um x 3 cm). After the sample chamber was assembled, ~2 ulL
of sample was added and incubated for 30 min before the cell
was mounted onto the microscope. Samples for PHI were
prepared in assembly buffer (50 mM HEPES, 0.1 M NaCl, 1 mM
DTT, pH 8.0) with a concentration of 3 x 10'° particles/mL.

Photothermal Heterodyne Imaging (PHI). The PHI setup (Figure 2)
is based upon a stage-scanning confocal microscope with two
collinear laser beams focused to the same point inside the
sample.®® It consists of an amplitude-modulated pump laser
(Compass 315M, Coherent, Inc.) tuned to the plasmon fre-
quency of the Au NPs at ~532 nm and a nonresonant probe
laser at 785 nm (LPM785-80C, Newport, Inc.). Amplitude mod-
ulation of the pump laser with a carrier frequency of 250 kHz is
achieved by an acousto-optical modulator (35250-.2-.53-XQ,
Neos Technologies). Overlap of the two lasers in the focal spot
(Figure 2b) is achieved by a high NA objective (Nikon CFI Plan
Apo VC 60x oil, NA 1.40) that is also used to collimate back-
scattered light from the sample. The energy absorbed by the Au
NP is released as heat into the medium. The transient tempera-
ture jump induces a local change of the index of refraction of
the medium around the nanoparticle. The probe light scattered
by the transient refraction index perturbation is detected by taking
advantage of the phase shift in circularly polarized light using a
fiber-coupled PIN photodiode. Photodiode signal at the modula-
tion frequency was fed into a 2 MHz bandwidth lock-in amplifier
(Model 7280, Signal Recovery). Confocal scanning and analysis
of the recorded data are performed via a software algorithm
written in Labview (Labview 2009, National Instruments).

Numeric Simulations. Simulations were performed by numeri-
cally solving the three-dimensional heat equation by the finite
element method (Heat Transfer Module, Comsol Multiphysics
3.5a, Comsol, Inc.). Model geometries were created by placing
the NP of interest in the center of a 5 um water reservoir.
Predefined mesh sizes were used, and boundary layers were
added, if necessary, to ensure heat was not accrued at the
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interfaces due to mesh size mismatches. The problem was
treated as time-dependent and solved using the conjugate
gradient linear system solver with the algebraic multigrid
preconditioner. Time stepping was done according the BDF
method, and steps were calculated every 100 ns over the entire
range of a 4 us heating pulse.
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