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ABSTRACT Polyhydroxyalkanoate (PHA) synthase attached to gold nanoparticles (AuNP) produce poly(3-hydroxybutyrate) (PHB)
upon the addition of 3-hydroxybutyrate-CoA, and then coalesce to form micrometer-sized AuNP-coated PHB granules. These AuNP-
coated PHB granules are potential theranostic agents that have enhanced imaging capabilities and are capable of heating upon near-
infrared laser irradiation. The AuNP-coated PHB exhibited 1 1-fold enhancement in surface-enhanced Raman scattering over particles
prior polymerization. Stained AuNP-coated PHB exhibited a 6-fold enhancement in fluorescence intensity as well as a 1.3-fold decrease
in photobleaching rate compared to PHB granules alone. The granules were also shown to emit heat when illuminated at 808 nm

with a 3.9-fold increase in heating rate compared to particles alone.
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INTRODUCTION
olyhydroxyalkanoate (PHA) polyesters are a class of

P polymers that can be synthesized by many bacteria
from (R)-3-hydroxyacyl-CoA as a stored carbon source
produced under conditions of limited nutrients and excess
carbon (1—12). PHA is stored as granular inclusions in the
cytoplasm and can make up over 80% of a bacteria’s dry
weight (13). The primary enzyme involved in PHA synthesis
is PHA synthase and the granules are accompanied by
several additional ‘granule associated proteins’ (GAPs) that
take part in PHA regulation. Two predominant models for
in vivo granule formation have been proposed and structural
characterization of the resulting granule has been reported
(14, 15). During granule formation, PHA synthase binds its
substrate and then dimerizes before elongation of the PHA
chain. Because PHA is insoluble in water, the polymer begins
to coalesce via hydrophobic interactions between the poly-
mer chains. This results in a granular structure in which PHA
synthase remains on the granule surface while the newly
synthesized PHA is deposited into the granule core. PHA
synthase is the only GAP that is required for granule forma-
tion, providing a straightforward means of producing PHA
granules in vitro (16).
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Recently, the use of PHA in its granule form has emerged
as a promising new nanoparticle for a variety of applications;
these advances have been recently reviewed (15). Function-
alized PHA granules have been produced via in vivo self-
assembly (in the bacterial host) employing GAP-fusion con-
structs including phasins and PHA synthase (17—26). In vitro
approaches have decorated either extracted granules or
granules synthetically produced from processed PHA using
GAP-tagged proteins (27—30). An additional avenue for
developing functional PHA nanoparticles has been accom-
plished through the chemical addition of functional groups
on the PHA polymer chain (31, 32). More recently, function-
alized PHB granules were produced via in vitro polymeriza-
tion from genetically engineered PHA synthase fused to RGD
peptides (33). These granules were shown to specifically
bind to breast cancer cells that constitutively express o35
integrins showing promise as a targeted drug-delivery agent.
In general, modified PHA granules have shown promise as
protein purification systems, immunodetection, and drug
delivery (15, 33, 34).

Here we describe the development of gold nanoparticle
(AuNP)-coated poly(3-hydroxybutyrate) (PHB) granules as-
sembled via in vitro polymerization from AuNP-PHA syn-
thase conjugates. PHB is formed from 3-hydroxybutyrate
(3HB) and is among the most common PHAs. This approach
was inspired by our prior work utilizing PHA synthase for
enzymatic surface initiated polymerization (ESIP) for ap-
plications in bottom-up nano/microfabrication on a variety
of micropatterned surfaces as well as on microbeads
(11, 35—39). In this current study, we thought to expand our
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repertoire of ESIP-derived structures by functionalizing gold
nanoparticles with PHA synthase, providing a novel platform
from which to polymerize PHB. Based on the natural PHB
granules structure, those produced from nanoparticle-PHA
synthase conjugates were expected to result in nanoparticle-
coated granules that would lead to the possibility of exploit-
ing effects caused by the nanoparticle arrangement on the
granule surface. Transmission electron microscopy (TEM)
analysis of PHB granules derived from AuNP conjugates
revealed that the PHB granules were indeed coated with gold
nanoparticles leading to exploring the potential of these
constructs in exhibiting plasmon-induced phenomena such
as Surface Enhanced Raman Scattering (SERS), fluorescence
enhancement, and photothermal heating. These AuNP-
coated PHB granules are shown to exhibit enhanced SERS
and fluorescence as well as the capability of emitting heat
from near-infrared (NIR) illumination. These properties may
allow for the use of these granules as theranostic agents that
may be followed via SERS and fluorescence and may deliver
therapeutic payloads in the form of heat and as a PHB-
mediated drug-delivery agent (32—34, 40).

EXPERIMENTAL SECTION

Gold nanoparticles were synthesized following Presa, et
al.: mixing gold acetate Au(ac)s, 1,2-hexadecanediol, and
phenylether, and then heating to 80 °C under N, before
adding oleic acid and oleylamine before refluxing at 260 °C
for 30 min (41). The resulting oleic acid/oleylamine-coated
AuNPs were made water-soluble following Dubertret, et al.:
mixing AuNP-oleic acid/oleylamine with 1,2-distearoyl-sn-
glycero-3-phosphoethanolamine-N-[carboxy(polyethylene gly-
col)2000] (PL-PEG-COOH) in chloroform, evaporating the
chloroform, and reconstituting the particles in water to
produce PL-PEG-COOH-coated AuNP (42). The carboxyl
groups of the AUNP-PL-PEG-COOH were then converted to
primary amine-reactive NHS-esters using 1-ethyl-3-[3-dim-
ethylaminopropyl] carbodiimide hydrochloride (EDC) and
N-hydroxysulfosuccinimide (sulfo-NHS) (Pierce Biotechnol-
ogy, Rockford, IL) following the manufacturer’s protocol. The
AuNP-PL-PEG-NHS-ester particles were then mixed with PHA
synthase in 50 mM Na-phosphate buffer at pH 7 at a 1:1
AuNP:PHA synthase mass-to-mass ratio and allowed to react
for 2 h at room temperature, resulting in AuNP-PL-PEG
conjugated to PHA synthase (AuNP-PHA synthase). PHA
synthase functionalized particles were analyzed via dynamic
light scattering (DLS) and TEM. Polymerization of PHB from
the conjugates and the formation of PHB granules were
confirmed via TEM and fluorescence microscopy of stained
PHB.

To measure the SERS characteristics of AuNP-coated PHB
granules, we added a solution of the Raman-active molecule
phenyl disulfide in 50 mM sodium phosphate buffer, pH 7,
to samples of AuNP-PHA synthase and AuNP-coated PHB at
a final phenyl disulfide concentration of 1 mM. SERS analysis
was performed using a Renishaw InVia microRaman system
equipped with a 785 nm solid-state laser.

For enhanced fluorescence and photobleaching experi-
ments, samples of AuNP-coated and uncoated PHB were
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stained with Nile red at a 1 ug/mL working concentration.
Fluorescence measurements were conducted with an in-
verted fluorescence microscope, equipped with a 560 nm/
645 nm excitation/emission filter cube, a 100x objective
lens, and CCD camera. Images were captured at 1 s intervals
for 30 s and analyzed using Image Pro Plus to determine
PHB granule intensity.

Heating experiments were conducted usinga 1.2 W, 808
nm continuous-wave diode laser culminated to a 0.5 mm
diameter beam with temperature measurements conducted
using a fiber optic temperature sensor. Thirty microliters of
AuNP-PHA synthase, AuNP-coated PHB, and a reference
sample of 50 mM sodium phosphate buffer, pH 7, were
placed inside PCR tubes with the temperature probe posi-
tioned away from incident laser light. Samples were il-
luminated at 3 W/mm? and their temperature was moni-
tored over a period of 2 min.

RESULTS AND DISCUSSION

Nanoparticle Functionalization and Granule
Formation. DLS and TEM observations indicated that
AuNP-PHA synthase particles consist of individual and un-
aggregated particles in solution (see Figure S1 in the Sup-
porting Information). Starting with unaggregated AuNP-PHA
synthase prior to polymerization allowed for studying ag-
gregation-derived phenomena upon aggregation mediated
by PHB polymerization. With the addition of 3HBCoA to
AuNP-PHA synthase conjugates, PHB polymer was produced
and grew to polydisperse spherical granules up to 1500 nm
in diameter (Figure 1A). As can be seen in the TEM images,
these granules are coated with AuNP particles that are
observed as round structures with dark spots on their
surface. The presence of PHB could also be observed by
staining with Nile red and subsequently imaging the granules
using fluorescence microscopy (Figure 1B). Nile red exhibits
little fluorescence in hydrophilic mediums yet brightly fluo-
resces upon incorporation into hydrophobic matrices. The
observation of Nile-red-stained granules via fluorescence
microscopy indicates that these AuNP-coated granules main-
tain a hydrophobic core as in native PHB granules. The
resulting nanoparticle coating is consistent with the pro-
posed mechanism of PHB granule formation and a possible
assembly mechanism based on this mechanism is dia-
gramed in Figure 1C (14, 15).

Surface-Enhanced Raman Scattering. In this study,
samples containing AuNP-coated PHB granules exhibited
enhanced SERS signals over aggregated AuUNP-PHA synthase
particles. For example, at a dilution corresponding to an
ODsyp = 0.016 (1/5-fold dilution) samples containing only
AuNP-PHA synthase exhibited little to no signal for adsorbed
phenyl disulfide; however, samples containing both AuNP-
PHA synthase and AuNP-coated PHB granules exhibited a
relatively strong signal. When comparing the 1000 cm™'
(benzene ring vibration (43)) Raman band intensity of
adsorbed phenyl disulfide, the average Raman intensity for
the latter samples was 3983 counts over baseline (Figure 2A)
with the average enhancement for samples containing
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FIGURE 1. AuNP-coated PHB granules. (A) TEM image of AuNP-coated PHB granules. (B) Nile-red-stained, AuNP-coated PHB granules imaged
at 100x maghnification via fluorescence microscopy. (C) Proposed mechanism for AuNP-coated PHB granule formation: (I) PHA synthase is
conjugated to AuNP. (II) In the presence of 3HBCoA, PHB polymer chains begin to form from PHA synthase dimers on the AuNP surface,
causing the nanoparticles to coalesce via hydrophobic interactions among polymerizing PHB. (III) In this manner, the structures begin to take

a granular form with AuNP remaining on the granule surface.

AuNP-coated PHB granules ranging from 3 £ 0.2 to 11 %+
0.81 across the dilutions tested (Figure 2B).

It is thought that the organization of gold nanoparticles
around PHB granules gives rise to the observed SERS
enhancement relative to the AuUNP-PHA synthase conjugates.
AuNP-PHB samples contained both AuNP-coated PHB gran-
ules as well as AuNP not associated with PHB granules (i.e.,
free AuNP-synthase conjugates). This is due to the fact that
granule formation from the polymerization of AuNP-PHA
synthase conjugates is not 100 % efficient. Thus, the SERS
signal observed from samples containing both AuNP-PHB
and AuNP-PHA synthase arises from minimal enhancement
due to inherent aggregation of AuNP-synthase conjugates
upon drying the sample, and an apparent strong enhance-
ment from the AuNP decorated PHB granules. This thesis is
supported by the fact that little to no enhancement was
observed for samples containing only aggregated AuNP-PHA
synthase. This result indicates that enhancement in SERS is
mediated by PHB polymerization and the formation of
controlled AuNP aggregates on the surface of PHB granules,
which are not present when AuNP aggregation is caused by
the drying of AuNP-PHA synthase samples. The interparticle
interactions on the PHB granule surface are likely to produce
defined electromagnetic hot spots and this is thought to
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provide the dominant form of SERS enhancement (44—46).
The shell structure that is formed by the nanoparticle coating
may also contribute to the observed enhancement, as similar
metallic shell structures have been shown to increase both
the effective volume in which molecules are affected by the
enhanced electric field and the Raman gain averaged over
this volume (47).

Fluorescence Enhancement. When comparing
AuNP-coated and uncoated, Nile-red-stained PHB granules,
coated granules exhibited increased fluorescence intensity
per unit area of the imaged granules with an average
enhancement factor of 6.01 = 1.47. A concern during these
measurements was that a larger granule size would contrib-
ute to the appearance of fluorescence enhancement simply
due to a larger Nile red loading capacity. In fact, plotting the
fluorescent spot intensity vs size of fluorescently imaged
granules reveals a linear increase in fluorescence intensity
with increasing unit area. Nevertheless, enhancement in
fluorescence intensity comparing nanoparticle-coated and
uncoated granules is evident (Figure 2C).

To examine the photobleaching characteristics of coated
and uncoated Nile red granules, the same individual fluo-
rescent spots analyzed for fluorescence enhancement were
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FIGURE 2. SERS and fluorescence enhancement from AuNP-coated PHB granules. (A, B) Enhanced SERS from AuNP-coated PHB granules vs
AuNP-PHA synthase. The plot (A) shows the average Raman spectra for the sample at 1/5-fold dilution. The bar graph (B) shows the average
number of counts and standard deviation for the 1000 cm ™! peak of phenyl disulfide. (C) Fluorescence intensity of AuNP-coated and uncoated
PHB granules vs granule size. (D) Second-order exponential decay fits of the normalized average intensity per unit area vs time for AuNP-

coated (R* = 0.9995) vs uncoated PHB (R? = 0.9978).

tracked and analyzed for fluorescence intensity per unit area
in subsequent image sequences taken during continuous
illumination by the microscope excitation source. Indeed,
an increase in photo stability of Nile red was observed
(Figure 2D) with a 1.3 £ 0.21-fold decrease in the fluores-
cence intensity decay rate for Au-coated PHB (0.16 £ 0.030
s~!) compared to PHB alone (0.20 £ 0.015 s71).

The AuNP particle coating and their arrangement on the
PHB granule surface reveals the likely source of fluorescent
enhancement. Figure 3A depicts the possible AuNP-coated
PHB granule geometry with regard to SERS and enhanced
fluorescence. In the diagram, yellow stars represent Nile red
that is shown to be incorporated in the hydrophobic PHB
core as well as the hydrophobic layer comprised of the
interface between the phospholipid tails of PL-PEG and oleic
acid/oleylamine surrounding the AuNP. The blue stars rep-
resent Raman reporter molecules that similarly can become
incorporated in these hydrophobic regions and can bind to
the gold nanoparticle surface via its disulfide group (48).
When a fluorophore is localized to metal particles or surfaces
at less than ~5 nm, its emission is quenched by energy
transfer to the metal (49). However, at further distances from
the metal (between 5 and 70 nm), increases in fluorescence
can be observed (49—52). While Nile red stains the PHB
granule, it may also stain the hydrophobic layer around the
AuNPs formed by the oleic acid/oleylamine and phospho-
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lipid. This layer, however, is less than 5 nm thick given our
DLS particle size data and judging by the molecular dimen-
sions of oleic acid, oleylamine, and the phospholipid (see
Results in the Supporting Information). We have observed
that Nile red within this layer is quenched by the gold
nanoparticles (Figure 3B) (49). Quenching is expected be-
cause of the proximity of Nile red to the gold nanoparticle
surface and because there is appreciable overlap between
the extinction of the gold particles and the Nile red fluores-
cence spectrum (53). Conversely, given DLS measurements
and the molecular dimensions of the nanoparticle coating
(see Results in the Supporting Information), Nile red ab-
sorbed within the PHB granule is at a distance of at most
~25 nm from the gold particle (Figure 3A). Fluorescence
enhancement has been observed between 5 and 70 nm
away from nanostructured metallic surfaces, thus due to the
configuration of AuNP-coated PHB granules, Nile red within
the PHB granule is within a distance where enhanced
fluorescence is possible (53). Furthermore, two phenomena
can contribute to fluorescent enhancement including surface
enhanced fluorescence (SEF) in which the metal particles
concentrate the local excitation intensity and metal en-
hanced fluorescence (MEF) in which the electric field felt by
a fluorophore is affected by interaction of the fluorophore
oscillating dipole with the metal surface (52, 54—56). In MEF,
an increase in the radiative rate is expected, resulting in an
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FIGURE 3. (A) Diagram of possible AuNP-coated PHB granule geometry with regard to SERS and enhanced fluorescence. Yellow stars represent
Nile red and blue stars represent Raman reporter molecules. (B) Absorption spectra of AuNP-PHA synthase and AuNP-coated PHB superimposed
with the emission spectra of Nile red fluorescence and quenched Nile red fluorescence due to the addition of AuNP-PHA synthase. (C) Average
heating rate and standard deviation of AuNP-PHA synthase vs AuNP-coated PHB upon NIR illumination.

increased intensity and decrease in photobleaching since the
fluorophore spends less time in the excited state for each
excitation. Our observation of increased photo stability
points to the possibility that the nanoparticle coating causes
a decrease in the radiative decay rate of the Nile red,
indicating that MEF contributes to fluorescence enhance-
ment in the system.

NIR Heating. NIR-induced heating of AuNP-PHA syn-
thase and AuNP-coated PHB granules resulted in a linear
temperature increase for each sample with all measure-
ments exhibiting an R? value greater than 0.997 for linear
fits of the data. The 808 nm NIR laser illumination of AuNP-
coated PHB granules resulted in a 3.9 £ 0.69 increase in the
heating rate when compared to AuNP-PHA synthase prior
to polymerization (Figure 3C), as determined from the slopes
of the fitted temperature vs time plots. Due to the arrange-
ment of the gold nanoparticles on the PHB granule surface,
broadening in the plasmon resonance of the AuNP-coated
PHB granules over AUNP-PHA synthase was observed (Figure
3B) and the increase in heating rate is likely due to increased
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overlap between the 808 nm laser source and the plasmon
of the AuNP-coated PHB granules (57, 58).

CONCLUSIONS
In this work, AuNP-PHA synthase conjugates were con-

structed and shown to actively polymerize PHB. These
nanoparticle conjugates consist of unaggregated AuNP. PHB
polymerization from these conjugates resulted in AuNP-
coated PHB granules offering a new means for producing
functionalized PHB particles. When compared to AUNP-PHA
synthase conjugates, the AuNP-coated PHB granules exhib-
ited enhancement in SERS properties as well as increased
heating rate upon NIR illumination. Nile red-stained AuNP-
coated PHB granules also exhibited enhanced fluorescence
and decreased photobleaching when compared to uncoated
PHB granules.

Multimodal particles exhibiting various imaging and thera-
peutic characteristics are emerging as promising platforms
in biomedical applications. In particular, the applicability of
dual SERS/MEF particles in multiplexed immunoassays was
recently shown (59). Furthermore, several studies have
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demonstrated the utility of gold nanoparticle-based SERS
imaging in vivo highlighting the advantages of high signal
strength as well as the use of these materials as dual imaging
and photothermal agents (60—65). Given the advances in
utilizing PHB as a matrix for drug-delivery, our AuNP-PHA
synthase conjugates may also serve as multimodal imaging/
drug delivery vehicles in which gold-coated PHB granules
carrying a drug and/or fluorophore may be tracked via
fluorescence or SERS and may be heated via NIR illumina-
tion (33, 34, 40, 61, 62). In comparison to previously des-
cribed dual SERS/MEF particles that were constructed via
layer-by-layer deposition of polyelectrolyte coatings on silica
cores, our AuNP-coated PHB offer a facile self-assembly
approach for particle formation (59). Furthermore, the
biodegradability and biocompatibility of PHB may facilitate
the in vivo application of AuNP-coated PHB granules (66).
On the other hand, synthetic means for particle synthesis
often allow for greater control of particle size and polydis-
persity, a characteristic that few studies have addressed for
PHB granule biosynthesis (33, 67). Ongoing studies by our
laboratory aim to employ the nanoparticle-coated PHB
granules developed here in diagnostic and therapeutic
applications.
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