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ABSTRACT The use of plasmonic nanoparticle complexes for biomedical applications such as

Au nanorods

imaging, gene therapy, and cancer treatment is a rapidly emerging field expected to significantly

improve conventional medical practices. In contrast, the use of these types of nanoparticles to

noninvasively trigger biochemical pathways has been largely unexplored. Here we report the light-
induced activation of the thermophilic enzyme Aeropyrum pernix glucokinase, a key enzyme for the
decomposition of glucose via the glycolysis pathway, increasing its rate of reaction 60% with light by
conjugating the enzyme onto Au nanorods. The observed increase in enzyme activity corresponded to a

local temperature increase within a calcium alginate encapsulate of ~20 °C when compared to the
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bulk medium maintained at standard, nonthermophilic temperatures. The encapsulated nanocomplexes were reusable and stable for several days, making

them potentially useful in industrial applications. This approach could significantly improve how biochemical pathways are controlled for in vitro and, quite

possibly, in vivo use.
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old (Au) nanoparticles have been

used in a wide variety of biological

applications to date, including drug/
oligonucleotide delivery, bioimaging, gene
therapy, and photothermal therapy.' © The
most prominent properties of Au nanopar-
ticles that can be exploited to achieve these
applications are their ease of surface func-
tionalization, their biocompatibility, and their
surface plasmon-derived optical properties.'”®
Plasmonic Au nanoparticles such as Au nano-
rods (NRs) have collective electronic oscilla-
tions that can be utilized to convert optical
energy to thermal energy with high efficiency
upon resonant optical illumination.”® This
photothermal response is tunable, based on
nanoparticle size and geometric configuration,
and is particularly important for biological ap-
plications because the particles can be de-
signed to have an absorption efficiency in the
near-infrared region (NIR) (690—900 nm)2
Biological reactions and cells are maximally
transparent in this “water window”, and light
can penetrate to depths of several centi-
meters, even in more complex tissues.'’

BLANKSCHIEN ET AL.

Thermophilic enzymes are obtained from
thermophiles, archaea, or eubacteria that thrive
at high temperatures (ie, 50—120 °C)."" These
organisms survive due to proteins that have
been highly selected for robust functioning in
this elevated temperature range. Many thermo-
philic enzymes are heat responsive; in other
words, they have dramatically lower activity
at ambient temperatures than standard en-
zymes and increase in function up to or
beyond their native temperature(s). When
combined with plasmonic nanoparticles,
the resulting enzyme—nanoparticle complex
should be light-triggerable: the local heating
induced by resonant illumination of the nano-
particle will activate the attached heat-
responsive enzymes.

Currently, control of biochemical path-
ways, in vivo or in vitro, is largely achieved
by the addition of chemical/biochemical
signals or constituents that are difficult
to remove once added.'? Biomolecule—
nanoparticle complexes that are designed
to be responsive to light could provide an
easy means of controlling a biochemical
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Figure 1. Schematic of thermophilic enzyme—photothermal gold nanoparticle (TE-PGNs) synthesis and laser-induced activation.

reaction in a less intrusive manner than traditional
biochemical signals, simply by illuminating with an
appropriate light source. To turn off the reaction, one
would simply remove the light. This latter attribute
is a critical feature, since the remote control of biolo-
gical reactions could be useful in a multitude of
applications. Potential uses would include minimizing
operations for industrial biological products or mod-
ulating biochemical pathways in vivo for therapeutic
outcomes. With current conventional approaches, the
use of chemical/biochemical signals to control reaction
rates can be invasive, more readily introducing con-
taminating agents such as certain gases or infectious
particles into the reactor or resulting in the unwanted
synthesis of dangerous byproducts. Indeed, remote
control of biological systems inside or outside of cells
through the use of nanotechnology has been a novel
and exciting forefront of recent studies.”> "’

In this study, we describe the fabrication of light-
responsive, thermophilic enzyme—photothermal gold
nanoparticle complexes (TE-PGNs) useful for the light-
dependent activation of a biochemical reaction under
traditional bulk reaction temperatures (~20—50 °C).
This extends previous studies involving confined heat-
ing of DNA with nanoparticles'®'® and is in direct con-
trast to recent studies, including elegant ones employ-
ing the use of magnetic nanoparticles and magnetic
fields that activate biochemical pathways through
bulk heating.'*'®'” The goal here is to minimize such
bulk heating so that we can provide proof of concept that
could eventually lead to remote triggering of biochem-
ical reactions under standard nonthermophilic con-
ditions utilizing thermophilic enzyme nanoparticle
complexes. Our particles consist of a Au nanoparticle
core with a monolayer coating of thiol-conjugated
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heat-responsive enzyme. Au NRs (~30 x 10 nm) were
chosen for their optical response in the desired “water
window” (800 nm), while our chosen model thermo-
philic enzyme is Aeropyrum pernix glucokinase (Glk), a
key enzyme in sugar degradation via the glycolysis
pathway in bacteria and eukarya.?’ The TE-PGNs were
encapsulated in a calcium alginate matrix to sequester
the heat generated by the Au NR cores excited by a
continuous wave laser, such as those used in medical
practice. As a result, a temperature gradient sufficient
to increase the temperature in the nanometer scale
vicinity of the enzyme and activate it without signifi-
cantly affecting the bulk temperature of the system is
formed. The concept of light-dependent activation of a
biochemical reaction utilizing our novel encapsulated
thermophilic enzyme—photothermal gold nanoparti-
cles is demonstrated in Figure 1.

Gold—thiol chemistry provides both a robust and
highly convenient means of binding thermophilic en-
zymes to Au nanoparticles, with high bond strengths
of ~45 kcal/mol and thermal resistances well past
100 °C*" It is already well known that Au nanoparticle
surfaces can be readily functionalized with a wide
variety of thiolated molecules including oligonucleotides,’
chemotherapeutic agents,>* and polypeptides.* At-
tachment is as straightforward as mixing reduced
sulfur moieties with the nanoparticles. While many
types of functional Au nanocomplexes have been
reported, including those with proteins, attachment
of a heat-responsive (thermophilic) enzyme has not
previously been reported.

RESULTS

Cloning, Purification, and Characterization of A. pernix
Glucokinase (glk). The model thermophilic enzyme we
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activity at 80 °C for successive stages of enzyme purification, after TE-PGN formation (Au NR -+ enzyme), and of Ca-alginate-
encapsulated TE-PGNs. Error bars denote standard deviation of 3 replicates each. (B) SDS-PAGE showing purity of A. pernix
glucokinase (GIk*?, 35.19 kDa) in extracts after Ni>* affinity chromatography. (C) Specific activity vs bulk temperature kinetics
of GIKA® either nonconjugated (circles), in TE-PGNs (squares), or in Ca-alginate-encapsulated TE-PGNs. Inset displays the
encapsulated TE-PGN data at a smaller scale. (D) UV—vis absorbance spectra of Au NRs (Au NR) and TE-PGNs (Au NR + enzyme).

chose to use in this proof of principle study is the
A. pernix glucokinase.° Glucokinase can serve as an
initial and key enzyme (glucose + ATP — G6P + ADP) in
glucose degradation via the glycolysis pathway found
in nearly all bacteria and eukarya, including humans.?*
Besides its central position in an important metabolic
pathway, A. pernix glucokinase has many ideal char-
acteristics that permit its use in creating TE-PGNs,
including: O, insensitivity, monomeric character, ex-
cellent heat response and very high temperature re-
sistance, low sulfur content, stability in reducing agents,
the ability to be heated and cooled repeatedly, and the
ability to harbor N-terminal modifications® (demon-
strated in this study).

Genomic DNA of A. pernix was obtained, and the
glucokinase (glk) gene was PCR (polymerase chain
reaction) amplified. The forward PCR primer contained
additional coding information for an optimal ATG start
codon, a Hise tag, and a sulfur-containing cysteine (Cys)
residue. These latter elements would permit affinity
purification on Ni** columns and N-terminal gold—
thiol attachment, respectively. The cyshissglk®” PCR
product was subsequently cloned into pET28a vector
and expressed in an appropriate E. coli host. Cell ex-
tracts were prepared via cell disruption in the presence
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of [-mercaptoethanol to maintain reduced sulfur
groups (cysteines) for later gold—thiol chemistry. Sub-
sequently, the heat precipitation of native nonthermo-
philic E. coli proteins and metal ion affinity purification
utilizing the Hise tag were performed. As seen in Figure 2A
(middle column), a high specific activity (umol mg™"
min~" for glucose-6P formation) at 80 °C was obtained
after the affinity purification step.

While the heat precipitation step did not yield large
increases in purification, it had the added benefit of
inactivating native proteases that could inhibit TE-PGN
activity in subsequent use. In agreement with the
activity obtained after Ni*™ affinity chromatography,
SDS-PAGE showed that the major polypeptide con-
stituent in the purified extract was at or near the
35.19 kDa expected size of the Cys-Hiss-GIk*" protein
(for ease referred to as GIKA* hereafter) (Figure 2B).
Furthermore, the affinity-purified GIk*" displayed the
desired heat responsiveness for TE-PGN synthesis, with
lower activity from room temperature to ~50 °C, where
larger exponential increases occur in response to rising
temperatures (Figure 2C). It was observed that GIk*"
was not active at 4 °C and the observed kinetics were
nearly identical to those previously reported.?® With
adequate purity of GIk*® achieved, this final extract was
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used in the functionalization of Au NRs to create thermo-
philic enzyme—photothermal gold nanoparticles.

Attachment of Glucokinase to Au NRs and Characterization of
the Resulting Conjugates. Au NRs (33 nm x 10.4 nm) were
fabricated by standard wet chemistry methods and
functionalized with thermophilic GIKA? polypeptides
via gold—thiol bond formation. The cleaned Au NRs
were incubated with the reduced GIK*® extract over-
night at room temperature. After centrifugation and
washing the resulting pellet to remove all free, un-
bound enzyme, the TE-PGNs were resuspended by
brief sonication and diluted so that the absorbance
at 800 nm for a 1/6 dilution was 1.1. The concentration
of the NRs in the TE-PGN suspension was (4.2 & 0.06) x
10" NRs/mL, calculated using the average NR dimen-
sions from transmission electron microscopy (TEM)
and total Au concentration in the TE-PGN suspension
measured via inductively coupled plasma optical emis-
sion spectroscopy (ICP-OES). A protein loading efficiency
of 20 + 4% was achieved, resulting in a TE-PGN protein
concentration of 0.210 & 0.02 mg/mL. With these con-
centrations and an Au NR surface area of ~1250 nm?,
around 850 GIK*® polypeptides (35.19 kDa) are conju-
gated to the Au NR surface. This agrees with theoretical
calculations assuming average specific protein density
(0.73 cm®/g),*® cubic geometry or spherical geometry,
and a linear N-terminus linker of 10 to 20 amino acids
(i.e., Cys-Hisg residues) for 100% surface coverage with
protein.

Characterization of the localized surface plasmon
resonance shift (LSPR) of the Au NRs before and after
protein functionalization was performed by UV—vis
spectroscopy, and the extinction spectra of TE-PGNs
and Au NRs in solution are shown in Figure 2D. The
large LSPR shift observed is consistent with a dense
protein monolayer functionalized to the Au NR surface.

While the resonance wavelengths for the transverse
plasmon are similar to that for Au NRs and the TE-PGNs
(~520 nm), the higher longitudinal resonance wave-
length (~750—850 nm, from the increased aspect
ratio) is substantially broader/flatter for the TE-PGNs.
This broadening of the longitudinal resonance wave-
length and overall increase in absorbance could be due
to electronic coupling between the TE-PGNs at the
longitudinal wavelength and/or to some aggregation
of TE-PGNs in suspension. Indeed, over time, the TE-
PGNs are observed to visibly aggregate; however, this
is easily reversed by gentle vortexing prior to use.

Thermal, nonlaser testing of these novel thermo-
philic enzyme—photothermal gold nanoparticles re-
vealed robust specific activity. At 80 °C, the TE-PGNs
displayed ~20% greater specific glucose phosphoryla-
tion activity than the unbound free enzyme (Figure 2A,
for assay see Methods). This increased activity was also
evident in the activity vs temperature profile, where
the TE-PGNs displayed similar enzymatic kinetics to
the unbound GIK*” (Figure 2C). The increased specific
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activity of the TE-PGNs could reflect a gold—thiol bind-
ing selection for more properly folded GIk*” among the
total pool of GIk*” and minor contaminating polypep-
tides. Another possibility is that Au NR-bound GIK”® vs
unbound enzyme could more readily adopt the right
conformation for activity in response to heat by virtue
of being conjugated to a scaffold.

Encapsulation of TE-PGNs in Ca-Alginate Matrix. To make
the TE-PGNs compatible with continuous wave (CW)
laser excitation, we encapsulated concentrated amounts
of TE-PGNs in a Ca-alginate matrix to sequester the
complexes and enhance the temperature gradient be-
tween the nanoparticle—enzyme complex and the bulk
solution. Enzyme entrapment within a calcium alginate
gel is recognized as a versatile method for not only
enhancing stability but also allowing enzyme reuse and
separation from the reaction mixture 2622

To encapsulate the complexes, 1.5% w/v sodium
alginate and the TE-PGNs were mixed in a 1:1 ratio and
dropped in 10 uL aliquots into a solution of 0.5 M CaCl,.
This resulted in consistent and uniform TE-PGN Ca-
alginate beads (average diameter =1.9 £ 0.1 mm)
easily visible due to their crimson color (Figure 3A).

Scanning electron microscopy (SEM) revealed the
TE-PGN-loaded Ca-alginate beads were indeed porous
(Figure 3A), with a pore size of a few um instead of
10—30 nm;*®?*® however, it is possible that the pores
were enlarged due to changes induced during sample
preparation prior to imaging. This larger-than-expected
enhanced porosity could be advantageous since poros-
ity is critical for the transfer of reactants and products
to and from the TE-PGNs. Thermogravimetric analysis
revealed that ~90 wt % of the beads consisted of water,
which agrees with the porosity seen in the SEM analysis
(Figure S1).

The TE-PGN alginate beads (5 beads/rxn) were
enzymatically active under bulk heating, with the gluco-
kinase specific activity displaying the expected heat-
responsive kinetics (Figure 2A, C). The specific activity
was ~8-fold lower than the unencapsulated TE-PGNSs,
which may well be due to the mass transfer limitations
of the Ca-alginate matrix. Possible heat transfer limita-
tions into the matrix could also be a factor, as the Ca-
alginate encapsulation was performed to reduce bulk
heat flow and sustain high temperatures at the TE-
PGNs (see below). This lowered specific activity would
not be critical for industrial use since this limitation
would be offset by the benefit of repeated enzyme
bead use. To test reusability, TE-PGN stability and
reuse were examined over a 3-day period, and no
significant change in enzyme activity was observed
(Figure 3B). Furthermore, the TE-PGN alginate beads
retained their color, shape, and consistency over multiple
weeks, further suggesting their stability and reuse
potential.

Laser-Dependent Activation of the Encapsulated TE-PGNs.
To test whether TE-PGN complexes could control a

VOL.7 = NO.1 = 654-663 = 2013 F@L@Mi{\)

WWwWW.acsnano.org

657



2

Specific Activity (umol min mg?)

80°C

80°C 80°C
72h 72h
reused

Figure 3. Characterization of thermophilic enzyme—photothermal gold nanoparticles encapsulated in a Ca-alginate matrix.
(A) Scanning electron microscopy (SEM) image of the TE-PGN Ca-alginate bead surface. Inset shows visual image of LTNB Ca-
alginate bead. (B) Specific GIk*” activity of the LTNB Ca-alginate beads at 80 °C for freshly prepared beads vs untested and
reused beads 72 h later. Error bars denote the standard deviation of 3 replicate experiments.
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Figure 4. Schematic of laser setup used in this study (further details in the Methods section).

biochemical reaction via light activation while main-
taining standard nonthermophilic bulk temperatures,
the experimental geometry diagrammed in Figure 4
was employed (see also Methods).

Laser treatment consisted of placing 5 TE-PGN-
Ca-alginate beads into the cuvette containing reaction
buffer and illuminating the stirred sample with a con-
tinuous wave NIR laser (A = 800 £+ 20 nm, 15 W).
Calcium-alginate beads (5) containing only nonconju-
gated glI(‘P, reaction buffer, or pure Au nanorods were
also analyzed as controls. The laser wavelength chosen
for illumination was near the peak longitudinal plas-
mon resonance of the Au NR TE-PGN core (Figure 2D).
An integrated water jacket of the cuvette, connected to a
water bath/immersible pump, was used to maintain bulk
reaction temperatures at standard conditions (i.e, non-
thermophilic, 35—50 °C). We chose working temperatures
of 40—45 °C, since this range was just slightly cooler
than the temperature range where GIk*" displays
a strong, exponentially temperature-dependent ac-
tivity response (Figure 2C). Following laser irradia-
tion, the samples were aliquoted and the reactions

BLANKSCHIEN ET AL.

quenched with EDTA and put on ice until they could
be measured.

As seen in Figure 5A, laser-treated Ca-alginate
beads encapsulating enzyme only (enzyme + alginate,
left two bars) did not display any laser-dependent
activity: the observed glucokinase activity matched
the activity of bulk temperature controls. No activity
was observed for NP-only and buffer-only Ca-alginate
beads, as expected. In contrast, for the laser-irradiated
TE-PGN Ca-alginate beads, the observed glucokinase
activity substantially exceeded the analogous bulk tem-
perature controls, showing a 60% increase (Figure 5A,
Au NR + enzyme + alginate, right two bars). This laser-
dependent increase in enzyme activity shows that Ca-
alginate encapsulation of the complexes is critical to this
response, most likely due to heat trapping by the alginate
matrix, which assists in the formation of a temperature
gradient around the illuminated NR—enzyme complexes.

To further investigate the role of the Ca-alginate
matrix, catalytic amounts of unencapsulated enzyme
or TE-PGNs (1/100 dilution, absorbance at 800 nm of
0.066) were tested under the same laser conditions
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Figure 5. Laser response of the thermophilic enzyme—photothermal gold nanoparticles. (A) Specific activity of glucokinase
Ca-alginate beads (enzyme + alginate) and the TE-PGN Ca-alginate beads (Au NR + enzyme -+ alginate) with laser irradiation
vs no laser irradiation (respective bulk temperature controls). Five beads were used per reaction run. (B) Specific activity of
unencapsulated glucokinase only (enzyme) and the TE-PGNs (Au NR + enzyme) with laser irradiation vs no laser irradiation
(respective bulk temperature controls). For both panels, error bars denote the standard deviation from 3 replicates. Bulk
temperatures were 42 °C for all enzyme experiments and 44 °C for all TE-PGN experiments. The laser power was 15 W for all
laser irradiation experiments. Au NR-only and reaction buffer-only controls (with and without Ca-alginate) were also run,
showing no laser-induced or bulk thermal activity (specific activities = 0).

as above. As seen in Figure 5B, no laser-dependent
activation of the TE-PGNs was seen; both the laser-
irradiated unbound enzyme (enzyme, left two bars) and
TE-PGNs (Au NR + enzyme, right two bars) displayed the
same specific activity as their respective bulk tempera-
ture controls. For the unencapsulated TE-PGNs, we
suspect that a nanoscale temperature gradient was
not being established (i.e., the heat from the Au NR core
surface is diffusing to the surrounding media such that
GIK* is not significantly activated>°) (see Discussion).

DISCUSSION

In this study, we investigated the process of light-
induced activation of a heat-responsive, thermophilic
enzyme to remotely control a biochemical reaction while
maintaining mesophilic bulk temperatures of ~20—
50 °C. This is in contrast with some conventional photo-
thermal applications where the photothermal response
of Au nanoparticles is used for bulk heating."”'%*' To
achieve our goal, we created thermophilic enzyme—
photothermal gold nanoparticle complexes by conju-
gating a heat-responsive enzyme, A. pernix glucoki-
nase, to plasmonic Au NRs, then encapsulating the TE-
PGNs in a Ca-alginate matrix. Here the goal was to
retain the photothermal heat generated from the Au
NR cores such that the temperature around the NP
surface is sufficient to activate the attached GIk*" pep-
tides while bulk heating of the reactor volume was
minimized. Ultimately, when the TE-PGN Ca-alginate
beads were laser irradiated with a continuous wave
laser, their glucokinase activity exceeded the analo-
gous bulk temperature controls by 60%, showing
validity of the light-activation concept.

BLANKSCHIEN ET AL.

Encapsulation of the TE-PGNs in Ca-alginate pro-
vided an initial means of validating our thermophilic
enzyme—photothermal gold nanoparticles using a con-
tinuous wave laser amenable to industrial and practical
applications. Two recent studies have successfully en-
capsulated unfunctionalized Au-NRs in Ca-alginate,?®>2
such that the desired properties of the Ca-alginate
matrix and Au-NRs were retained. In one of these
studies,®? single Au NR Ca-alginate clusters were con-
tinuously irradiated and successfully heated from 25 °C
to over 60 °C using a laser irradiation regime similar to
that employed in this study. Importantly, the collective
effect of heating nanoparticle clusters, similar to our
conjugates encapsulated in calcium alginate, has been
observed previously and provided local temperature
increases of several tens of degrees over that of the
bulk temperature.>*3* For our observed 60% increase
in glucokinase activity, it can be inferred from Figure 2C
that, at a minimum, a ~20 °C temperature differential
(i.e., ~64 °C inside the beads) was achieved between
the TE-PGN Ca-alginate bead and the bulk solution,
approaching the 35 °C seen by Jo et al.> Our setup
ensured that the encapsulated TE-PGNs remained sub-
merged during the experiments, thus allowing uniform
mass and heat transfer between the bead and the bulk
water. The bulk temperature was observed to increase
from 42 °C (water bath temperature) to 44 °C following
laser irradiation of the encapsulated TE-PGNs.

We observed a 60% increase in glucokinase activa-
tion when the encapsulated TE-PGNs were laser irra-
diated, but the activation was below the maximum of
> 8-fold activation based on the activity vs temperature
profiles (Figure 2C). The encapsulation does introduce
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inherent complications that could limit enzyme activity,
despite successful photothermal heating. For example,
establishing a higher temperature gradient by seques-
tering the TE-PGNs together could have a negative
impact on mass transfer of reactants and products.
The separate ~8-fold lower specific activity that the TE-
PGN Ca-alginate beads display over the unencapsu-
lated TE-PGNs in bulk thermal studies suggests this
(see Figure 2A,C). However, these bulk thermal studies
could also present heat transfer limitations, in that,
here, the insulation effects of the Ca-alginate could
work opposite the desired direction seen when photo-
thermal heating occurs. However, we attempted to
minimize this effect by allowing bulk thermal controls
to equilibrate at the desired temperature. The lowered
specific activity could also be compounded further
during photothermal heating as the beads shrink some-
what due to an expulsion of air and water (which may
also indicate inhibition of mass transfer of reactants to
the enzymes). As stated earlier, the lower specific
activity due to encapsulation would not be a significant
drawback, since the Ca-alginate encapsulated beads
are reusable multiple times.

The principal limitation of unencapsulated TE-PGNs
in this application is the creation of a proper nanoscale
temperature gradient originating from the gold sur-
face, permitting enzyme activation. Theoretical and
semiempirical modeling suggest that achieving a high
temperature gradient (>10 °C) at the gold nanoparticle
surface may require high optical densities, on the order
of 10*—10° W/cm?.73'3%3 Our experimental regime
and use of a continuous wave laser at 15 W provides an
optical density at least 1000-fold below this, which
explains the lack of any observed laser-dependent
activation without encapsulation. It should be noted
that many conventional applications of Au nanoparti-
cles (i.e, tumor treatment) are believed to exploit
relatively small temperature gradients compared to
the bulk temperature3'*” These sustained, albeit small,
temperature gradients can rapidly produce high bulk
temperatures if enough Au nanoparticles are irradiated.
Since focusing the beam size down to micrometer levels
is not desirable for a biochemical reactor application, the
best approach for light-dependent activation of unen-
capsulated TE-PGNs may be to employ pulsed lasers
sources.>®*® However, use of such lasers provides
unique challenges, as the pulse energy, duration, and

METHODS

Cloning of A. pernix Glk with N-Terminal Tags. Genomic DNA of
A. pernix (NBRC 100138G) was obtained from NITE Biological
Resource Center, Japan. PCR amplification of glk was performed
with the primers 5-TACCATGGGTTGCGGTGGTCATCATCATCAT-
CATCACGGTGGTGGTGTGGCGGAGGTTGTTGCT-3 and 5-GCAA-
GCTTGCTGCTAGAAGATTGGGAGGT-3, in which the forward

BLANKSCHIEN ET AL.

frequency must be fine-tuned so that the gold—thiol
bonds are not broken and the Au NR cores, as well as
the attached proteins, are not fragmented.*®*° Con-
versely, the pulses would have to be frequent enough
to sustain a permanent temperature gradient, enabling
the attached enzyme in the TE-PGNs to achieve and
maintain an active conformation.

Encapsulation, which enables the use of a simple CW
laser source, is appealing in its simplicity; however, our
current fabrication method provides beads not amen-
able to in vivo use due to their size. Thus fabrication
methods involving microfluidics, and/or other encapsu-
lation materials, would be warranted to greatly reduce
the current dimensions. Perhaps, more ideally, the en-
capsulation material could be eliminated and TE-PGN
clusters could be possibly made through molecular—
protein linkers to provide the needed heat generation
using a CW laser with completely nanoscale materials.
Future fine-tuning of all parameters including encapsula-
tion materials/bead coating, heat generation/type of laser
employed, transfer limitations, and mixing could signifi-
cantly improve TE-PGN performance and eventually
shrink our current system to the nanoscale for in vivo use.

CONCLUSION

Thermophilic enzyme—photothermal gold nanopar-
ticle complexes have the potential to be used in a wide
variety of ground-breaking applications. For example,
TE-PGNs using a thermophilic polymerase (ie, Taq
polymerase) could further refine the concept of “laser-
assisted” PCR.*® Engineering TE-PGNs for the incor-
poration of thermophilic hydrogenases could take
advantage of the thermodynamic benefits of elevated
temperature (from the Gibbs equation AG = AH —
TAS) for the production of an important biofuel, H,,
under more standard nonthermophilic temperatures
(=50 °C).*"2 Ultimately, remote light-driven control of
an entire biological system could be achieved using
TE-PGNs utilizing a global regulator after subsequent
incorporation of TE-PGNs in vivo. With a plethora of
thermophilic enzymes available and being discov-
ered,*® the applications are nearly limitless. Extension
of this study to other thermophilic enzymes, materials,
fabrication techniques, and/or lasers (such as pulsed)
could result in the synthesis of additional TE-PGNs that
would significantly change how biochemical pathways
are studied and controlled in the future.

primer contained additional coding information for both a
N-terminal cysteine (Cys) residue tag and a His, tag. After digestion
of the ends with Ncol and Hindlll (New England Biolabs; the PCR
product was cloned into the pET28a expression vector (Novagen).
After restriction and sequencing analysis, the resulting pET28a-
cyshissgll(M> vector was transformed into the BL21(DE3) expression
strain (Novagen). All techniques were performed according to the
manufacturer or as previously described.**#>
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Preparation of Cell Extracts and Purification of A. pernix-Tagged
Glk. E. coli BL21(DE3) [pET28a-cyshissglk**] cells were aerobi-
cally grown in 75 mL of Luria—Bertani medium containing
40 ug/mL of kanamycin at 37 °C to an optical density at 600 nm
of ~0.8, at which expression of the cyshissglk"” gene was initiated
with the addition of 1 mM IPTG. After 3 h of further growth, the
cells were pelleted (160 OD equivalents) by centrifugation at 4 °C
and stored at —80 °C. Cell extracts were prepared from the pellets
by cell disruption with a Disruptor Genie (Scientific Industries, Inc.)
of cell suspensions in 4 mL of NPI-10 buffer (Qiagen) containing
5 mM f-mercaptoethanol (0.5 g glass beads + 1 mL cellsina 1.5
microcentrifuge tube, 4 total). After centrifugation (16000g for
10 min at 4 °C), the solution was heat precipitated at 85 °C for
25 min and centrifuged again at 4 °C. A near homogeneous Cys-
Hiss-GIK*” enzyme preparation was achieved by use of affinity
Ni-NTA resin spin columns at 15 °C according to the manufac-
turer's protocol for native conditions (Qiagen) with a final sus-
pension volume of 400 uL in NPI-500. When necessary, dialysis
against PBS buffer was performed once overnight at 4 °C to
remove the imidazole using Slide-A-Lyzer dialysis cassettes
(7000 MWCO, Thermo Scientific). If warranted, eluate was stored
at 4 °C. Under these conditions, activity remained constant for
several days. Protein concentration was determined by the
use of the Lowry assay with BSA as the standard. Analysis of
protein expression was performed via sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) using NuPAGE
Novex 12% Bis-Tris 10-well gels (Invitrogen), as described by the
manufacturer. Once electrophoresis was completed, the gel
was washed and stained with SimplyBlue SafeStain (Invitrogen),
according to the manufacturer protocol.

Gold Nanorod Fabrication. Materials Used for Au NR Synthesis. Gold-
(1) chloride trihydrate (HAuCl4-3H,0, 99%) and L-ascorbic acid
(99+4-%) were purchased from Sigma-Aldrich. Cetyltrimethylammo-
nium bromide (CTAB, >=96%) was purchased from Fluka, and
sodium borohydride (NaBH,) was obtained from Acros. Silver nitrate
(AgNOs, 299%) was purchased from Strem Chemicals. Deionized
water from a Barnstead NANOpure Diamond system (resistivity >
18 MQ2/cm) was used for Au NR synthesis. All chemicals were used
as-received unless otherwise noted.

Au NRs were synthesized using the method of Sau et a
Briefly, a 127 mM HAuCl, stock solution was prepared by dis-
solving 5 g of HAuCl4-3H,0 in 95 mL of water. A 0.01 M HAuCl,
solution was prepared by diluting 0.79 mL of the HAuCl, stock
solution with 9.21 mL of nanopure water. A stock 0.10 M CTAB
solution was prepared by dissolving 2.19 g of CTAB with vigor-
ous stirring and low heat in 60 mL of water. An ice-cold 0.01 M
NaBH, solution was prepared by diluting an ice-cold 0.1 M
NaBH, solution (0.038 g of NaBH, in 10 mL of ice-cold water).
The Au seed sol was synthesized by adding 0.60 mL of ice-cold
0.01 M NaBHj, to a vigorously stirred solution of 0.32 mM HAuCl,
(0.25 mL of 0.01 M HAuCl, solution) and 96.8 mM CTAB (7.5 mL
of 0.1 M CTAB). The seed sol was vigorously stirred for 2 min
following addition of NaBH, and was stored in a 27 °C water
bath for no more than 10 min. Au NR growth solution was pre-
pared by first adding 0.30 mL of a 0.01 M AgNOs solution (0.017 g
of AgNOs in 10 mL of water) to a gently stirred solution of
0.40 mM HAuCl, (2 mL of 0.01 M HAuCl, solution) and 96.0 mM
CTAB (47.5 mL of 0.1 M CTAB). The resulting solution was vigor-
ously stirred, and 0.32 mL of a 0.1 M ascorbic acid solution (0.18 g
of ascorbic acid in 10 mL of water) was quickly added to make the
final NR growth solution. The NR growth solution was equili-
brated in a 27 °C water bath, and 0.38 mL of the Au seed sol was
added. The resulting Au NR (Au NR) sol was gently stirred for ~4 h
at 27 °C. The final Au NR sol was washed twice by centrifuging
at 12000 rpm for 10 min. The cleaned sol was diluted such that
the absorbance of the Au NR longitudinal surface plasmon
(A ~770 nm) was 1.41.

Enzyme Functionalization of Au Nanorods. Conjugation of Cys-
Hisg-GIk*® to the gold NRs was initiated immediately after
Ni-NTA spin column elution (to prevent any disulfide bond
formation). Briefly, 375 uL of extract was added to 1425 ulL of
NRs in a microcentrifuge tube, gently mixed, and placed in a
rotisserie shaker overnight at room temperature. The next
morning, the conjugates were pelleted at 13400g for 30 min,
and the pellet was washed three times with 1T mL of PBS buffer
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to remove all free, unbound enzyme. To resuspend the pellet,
four brief sonication pulses were performed with a Branson
Sonifier 250 at the lowest settings with a final suspension volume
of between 50 and 200 uL. The resulting conjugates were kept at
room temperature throughout the day with intermittent vortex-
ing, where the activity remained constant.

Enzyme Entrapment in Calcium Alginate Beads. Cys-Hiss-GIk*” or
the Cys-Hiss-GIk*P-functionalized Au NRs were entrapped in
Ca-alginate beads by mixing equal volumes of the enzyme or
conjugates with 1.5% w/v of medium-viscosity sodium alginate
salt (MP Biomedicals, LLC). The mixture was vortexed, and 10 uL
was pipetted and dropped into 15 mL of 0.5 M CaCl, solution at
an appropriate height so that spherical Ca-alginate beads were
formed. After a minimum of 10 min of hardening in the same
solution, the CaCl; solution was removed and replaced with Tris
buffer (pH 7.5). The beads were stable for at least several days.

Enzyme Assay for Glucokinase Activity and Laser Setup. The Cys-
Hise-GIK”" activity (glucose + ATP — G6P + ADP) was measured
by coupling the ATP-dependent formation of glucose-6-phos-
phate (G6P) to the reduction of NADP ™ via G6P dehydrogenase
(GPD) from yeast as previously reported.?® Briefly, the initial
assay mixture (500 ul) contained 100 mM Tris-HCl (pH 6.2,
90 °C), 5 mM glucose, 2 mM ATP, and 4 mM MgCl,. After pre-
incubation in a microcentrifuge tube, the reaction was started
with the addition of the free enzyme, conjugates, or beads. This
mixture was then incubated anywhere from 1 to 25 min at the
temperature of interest or irradiated with the laser (see below),
and the reaction was quenched by addition of EDTA to a final
concentration of 10 mM and cooling in ice water for a minimum
of 2 min. In the secondary reaction, the G6P concentration was
quantified by addition of 0.6 mM NADP™* and 0.5 units of GPD in
100 mM Tris (pH 7.5) to a final volume of 1 mL and incubation at
40 °C. The reduction of NADP* at 365 nm was determined 5 min
later. This coupled assay was used as the basis for all activity
work determined in this study.

For all laser studies and respective controls, a constant-
temperature quartz cuvette (Starna Cells, Inc.) with a nominal
volume of 825 uL (not including neck volume), a 13 mm sample
chamber diameter, and a depth/path length of 10 mm, con-
nected to a water bath/immersible pump when appropriate,
was used. The laser utilized was an 800 &= 20 nm Diomed 15 Plus
model. The end of the fiber was placed vertically above both
focusing lenses and the cuvette (laid sideways, water surface
tension in the neck prevented spillage) to provide a spot size the
same as the cuvette window (power 15 W, spot size diameter =
13 mm, optical intensity = power/beam cross section =11 W/em?).
Temperatures were monitored by a thermocouple. Mixing was
achieved with a 2 mm spherical stir bar placed in the cuvette spun
with a magnetic stir plate at 1500 RPM (Sunset model, IKA Works).
After laser treatment of 850—900 uL samples, a 500 L aliquot was
taken for each and processed as above for the thermal reactions.
For a diagram of the laser setup see Figure 4.

Physical Characterization Methods. Ultraviolet—Visible Spectros-
copy. The absorbance of cleaned Au NR sols and prepared
Au NR—protein conjugates between wavelengths of 400 and
900 nm was measured on a Shimadzu UV-2401 PC spectro-
photometer. Polystyrene cuvettes (Fischer Scientific) with a
path length of 1 cm were used. Transmission Electron Micro-
scopy: The length and width of Au NRs was determined using
TEM images collected on a JEOL 2010 transmission electron
microscope operating at 100 kV. The NR sol was deposited onto
200-mesh carbon/Formvar grids by evaporating a drop of sol at
room temperature (23 °C). The number-average size distribu-
tion for each sample (width and length) was determined by
measuring 400+ particles using ImageJ Software. Inductively
Coupled Plasma Optical Emission Spectroscopy: ICP-OES
(Perkin-Elmer Optima 4300 DV) of the AuNR—protein conju-
gates was used to determine the total Au concentration so that
the AuNR:protein ratio of the conjugates could be calculated.
AuNR—protein conjugates were dissolved in 2 mL of concen-
trated aqua regia for at least 1 h. The resulting solution was
syringe-filtered (VWR 0.2 um polypropylene) and diluted with
water to a volume of 5 mL such that the total Au concentration
was <20 ppm Au. Thermogravimetric Analysis (TGA): Thermo-
gravimetric analysis of Au—protein conjugate calcium alginate
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beads was done using a Q600 TA Instruments to verify water
content in alginate beads. All TGA experiments were done using
air (Matheson Trigas, flow rate =40 mL/min) with a temperature
ramp rate of 10 °C/min from ~30 to 700 °C. Scanning Electron
Microscopy: The structure of TE-PGN Ca-alginate beads was
analyzed using a JEOL 6500F scanning electron microscope
with the electron gun operating at 15 kV. The beads were dried
at 60 °C under vacuum, placed on an aluminum stub, and
sputter-coated with 20 nm of Au prior to analysis.
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