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Plasmonic  photocatalytic nanostructures have been
fabricated under mild conditions (room temper atur e aqueous
solution) using genetically engineered bacteriophage P22

wViruslike particles (VLP) as a nano-platform. The
photodegradation of methylene blue by CdS photocatalyst
confined inside VLP can be significantly enhanced by the
controlled deposition of gold nanoparticles on the outer shell
of VLP-CdS.

15 Photocatalysis using solar radiation representsomiging route
for the development of renewable energy sourceg., (¢
production) and environmental remediation
reduction)®> For traditional photocatalysts,

the potentiaf®
obstacles are low light harvesting efficiency anavanted charge

fascinating aspect of P22 is its unique nanoarchite,
composed of a shell assembled from 420 copiescoiaprotein
s0 (CP) and an interior cavity containing approximatg00 copies
of a scaffolding protein (SPY. These features provide
tremendous versatility for P22-based materials gihesand
fabrication. Successful examples include ordereath®sis and
directed assembly of sulphides on shells of P22 WP
ss engineering coat protein and confined synthesia wfide range
of nanomaterials inside the interior cavity of P¥2P by
manipulating the scaffolding proteifs.? 22 Exploiting both
the coat and scaffolding proteins further offers dpportunity of

(e.g., ,co fabricating multifunctional structures for speciéipplications.

In this communication we demonstrate a P22 VLP-ase
strategy for constructing plasmonic photocatalymostructures

20 recombinatior?. An attractive strategy to address these issutes is USing a three-step procedure: 1) self-assemblyploérical VLP

incorporate noble metals (e.g., Ag, Au) into theotplatalytic
system,

thus creating so-called plasmonic photbtata

from P22 wild-type CP and genetically engineereshdated SP;
2) selective synthesis of photocatalytic nanoctgstat the

nanostructure$’ The incorporated noble metals, e.g. gole €ngineered SP sites positioned in the inner cafitassembled

nanoparticles, have shown to significantly improvbe
25 performance of photocatalysts by strongly absorbisible light
due to surface plasmon resonance (SPR), and pregetite
photo-generated holes and electrons from reconibint®
Herein, we report on the use of virus-like parSci@/LP),
which are derived from assemblies of virus protsirtbunits
30 lacking the viral genome, as nano-platforms for toatrolled
fabrication of plasmonic photocatalytic nanostroesu VLP have
attracted attention in  developing exquisite  funuio
nanomaterials due to their wide availability, easytrollability

spherical P22 templates; and 3) nucleation and tirowof
plasmonic noble metal nanostructures on the CPaAsodel
system we have used CdS as the photocatalyst dddagahe
plasmonic metal. The synthetic strategy we havecldped is

70 quite general and can be extended to fabricateiatyaf other
plasmonic photocatalytic nanomaterial systems.

Figure 1 demonstrates the assembly of geneticalijneered
P22 VLP, the confined growth of CdS nanocrystakide the
inner cavity, followed by nucleation and formatiai gold

75 nanoparticles on the surface of VLP. The assemiiggss and

and facile manipulability>**VLP with precise three dimensional the resultant VLP structure are similar to thosevidd-type P22

35 nanostructures display a wide variety of shapes singttures,
and can be produced in large quantities using ataniological
amplification and growth protocols. Both the exaetand interior
surfaces of the VLP can be functionalized by geadlti or
chemically modifying the protein subunits, whichdissirable for

40 the controlled construction of nano-architecturdgh vnultiple

procapsid. Typically, 420 copies of the P22 coatgin (47 kDa)
assemble with the aid of approximately 300 copietuncated
genetically engineered scaffolding protein (19 KBa&)form an
so icosahedral T=7 P22 VLP (Figure la). Based on 5@aomly
selected particles, the protein assembly has bst&blshed to
have an average diameter of 60 nm, which is ineagest with

componentd®1® We have been interested in using bacteriophagethe size of wild type P22 procapsfdA peptide sequence with

P22 as a nano-platform for functional materialsigtesand

synthesis, and in recent work have demonstratedoligstness @ from a phage display peptide library by Belchensup
and versatility as a biotemplate for the synthesia wide range

strong affinity for CdS (SLTPLTTSHLRS), previoushjentified
,27-28 is

genetically fused into the SP and are confinediangiie resultant

s of ordered nanomaterial®?* P22 VLP can withstand relatively VLP. In a typical inorganic synthesis, the protdirected

high temperatures (up to 80 °C), stable over a midege of pH
than most other VLP, and are non-infecti®tisThe most

nucleation of CdS nanocrystals occurs at the eegiteregions
of SP. Thus, an engineered protein assembly is bbapaf
9 initially forming approximately 300 isolated CdS nmerystals
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Figure 1. TEM images of a) genetically engineered P22 VLF

stained with 2% uranyl acetate; b) CdS confinedl®®22 VLP,
unstained; ¢c) Au/CdS core/shell structure constdiatsing P22
VLP nanoplatform, unstained; and e) growth of Au the
surface P22 VLP without CdS,
illustration of the formation of Au/CdS core/shsifucture using
genetically engineered P22 VLP. Step 1: assemblp2# VLP
genetically engineered with specific peptide (restgp 2: Site-

directed nucleation and growth of CdS (black) om ¢hgineered

scaffolding protein that are confined inside VLEps3: selective
formation of gold nanoparticles on the surface aPVAIl scale
bars represent 100 n

distributed inside the P22 VLP. We have previouslyorted that
the confined synthesis of CdS inside P22 VLP can
manipulated by the kinetically controlled relea$eswaphur from
thioacetamide precursor introduced into a solutbrthe VLP
s and cadmium ion& Using the previously reported prototolve
prepared a transmission electron microscopy (TEAMe after

CdS growth for 3 hours. The result (Figure 1b) shdhat the

unstained VLP-CdS nanostructures have a size ardOndm,

which is in accordance with the dimension of theeincavity of
10 P22. This suggests that the formation of CdS oceuctusively
inside the P22 VLP and the outer shell remainginta else the
size of resultant P22-CdS would have been aroundnéOThe
intact outer shell then serves as an ideal platféomadded
incorporation of plasmonic gold nanopatrticles.

The resultant CdS-VLP assembly is consequentlyfipdrand
re-suspended in DI water for further selective dgtowf gold
nanoparticles on the outer surface of the VLP. f&dic presents
TEM images (without staining) of
nanostructures (gold precursor concentration in teactant

15

unstained. d) Schema

VLP-CdS, Au-VLP-CdS, and Au-VLP are presented iguré S1,
from which we ascertain that the stained P22 VLRehan
average dimension significantly larger than that uofstained
VLP-CdS, while being similar to that of both unstd Au-VLP-

40 CdS and Au-VLP. This conclusively confirms that #ynthesis
of CdS is confined inside the P22 VLP and has édinfluence
on the subsequent deposition of gold nanoparticieshe outer
shell of VLP.

pusumn/nm
Figure 2. TEM images of (a) Au-VLP and (b) Au-VLRIE. (c)
HRTEM image of Au-VLP-CdS. STEM images of (d) Au-FL
and (e) Au-VLP-CdS. (f) Drift corrected elementglestral
profile for Au-VLP-CdS. All scale bars represent 12, except
be for figure 2c, in which scale bar represents 5 nm.

To further verify that gold nanoparticles anegent on the
ss surface of VLP-CdS, we have carried out HRTEM (high
resolution TEM) and STEM (scanning transmissioncteds
microscopy) measurements to examine and compatetail the
structure of Au-VLP and Au-VLP-CdS. In Figure 2&het
observed discontinuous contrast can be attribuketlgively to

so gold nanoparticles, since protein templates congbasfe non-
conductive and light elements do not provide muchtrast. In
Figure 2b, the contrast is produced by both goll @dS. This is
the reason that we observe different degrees dfasin At even
higher magnifications used for obtaining detailetluctural

ss information of Au-VLP-CdS we observe two differesets of
lattice fringes as indicated in Figure 2c. Latticeges with a
spacing ofd = 0.245 nm correspond to the (102) planes of the

the Au-VLP-CdS wurtzite (hexagonal) structure of CdS (JCPDS cawd80-0006),

and lattice fringes with a spacing @f= 0.205 nm correspond to

20 solution is 35uM), which have a dimension of around 60 nm that the (200) planes of the face-centred cubic strectof gold

is very close to the size of P22 VLP before any emals
synthesis. This suggests that the formation anevtraf gold
likely occurs at the lower ridges of the uneven P2RP
surface®® explaining why there is no notable size incre&sece
2s both CdS and Au have high atomic number, it isidiff to
clearly differentiate them in Figure 1c. To demeoas that gold
nanoparticles can be selectively deposited onuhface of VLP,
we synthesized gold using engineered VLP withoatftmmation
of CdS. Using the same concentration of gold psEmirwe
30 Obtained discrete gold nanoparticles on the surtdc¥éLP (as
shown in Figure 1e) with notably different contrastcompared
to that of the imaged Au-VLP-CdS nanostructures.r&ydomly
selecting 50 Au-VLP nanoparticles, we determinezirthverage
size to be around 60 nm, which is very similatat tof P22 VLP
35 as well as that of Au-VLP-CdS. The size distribntaf P22 VLP,

(JCPDS, card No. 04-0784). STEM images also predistihctly
different contrast for Au-VLP-CdS and VLP-CdS, d®wn in
Figure 2d and Figure 2e, respectively. We have héurt
investigated the elemental composition of the asinbd Au-
es VLP-CdS nanostructures by energy dispersive x-p@ggoscopy
(EDX) measurements, in which signals from all thedements
(Au, Cd, and S) can been detected, as shown inré-igfs The
fluctuating characteristics of the spectral prafileor all the
elements are consistent with the fact that bothgttld and CdS
70 nanoparticles are discrete rather than continuwes the protein
templates, in agreement with our previous resudisquP22 VLP
for crystal growttt 2 The HRTEM, STEM and EDX results
convincingly demonstrate that the gold and CdSsatectively
deposited outside and inside the P22 VLP templaspectively.
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We have further explored the controllability of ddbrmation the size distribution provided in Figure S2. Thevgth of gold is
on P22 VLP. Previously, Slocik and co-workers haliewn that 0 also investigated by in-situ UV-Vis measurements #ne results
histidine-rich cowpea chlorotic mottle virus (CCM¥an direct  are shown in Figure S3. We have calculated the afizbe gold
the growth of gold in ordered periodic patternsjohtthey have  nanoparticles from the intensity of absorption ea&nd

s termed as symmetry-directed synthéSighe outer shell of the concentration of the gold precursor using a modepgsed by
P22 VLP is composed of 420 copies of CP and eacha&3Rwo Haiss et af' Based on these calculations, the average size is
histidine residues, which likely can also dire@ trowth of gold. ss determined to be 3.3 nm for a precursor conceontratf 35uM
Based on the TEM image in Figure 3a, we indeedrabsiirly and 7.6 nm when the concentration is 18, as shown in
uniform nucleation and growth of gold in a highlydered Figure S4. Overall, the results agree well withsthaetermined

10 manner when using a very low concentration of gmielcursor by TEM.

(35 uM). Small gold nanocrystals with an average siz2.8fnm, We evaluated the photoactivity of the resultant @dS
as estimated from 50 randomly selected assemblés, 40 nanocomposite by studying the photodegradation ethylene
uniformly distributed on the shells of P22 VLP. Bdsn the size  blue (MB) using a solar simulator systéffigure 4 depicts the
and distribution of gold on P22 VLP we propose thia¢ decay profiles of MB absorption at 660 nm, bothhwind

15 formation of gold templated by P22 VLP follows tsgmmetry- without the photocatalyst. For all the differentacgons the
directed pathway - each CP binds with one or twdd go experimentally observed decrease in the MB conagotr with
nanoparticles (depending on the extent of exposfirieistidine 4 time can be fitted well by an exponential, correxfing to first
order reaction kinetics. For the photodegradatibrivi® with
only protein, the rate constakitis ~2.6*10° min?, while in the
presence of P22 VLP with gold on the outer shdig tate
constantk, is ~4.9*10° mint. With CdS confined inside P22

s0 VLP, the rate constant for MB degradation increasessiderably
to ~1.6*10° min®. When gold nanoparticles are incorporated
onto the VLP-CdS nanostructure, the photodegradatiate
constants are further enhanced to 3.0*t@in™* and 3.5*1F min
! for gold nanoparticle size of 6.2 nm and 8.3 respectively.

b

0.5+ = EP e EP-Au A EP-CdS
v EP-CdS-Au6.2nm ¢ EP-CdS-Au8.3nm
0.0 K, = 2.610°

K,=4.9*10"
=1.6*10?

&
T

Ln(Ct/C0)

ap

3 y
g° + 2.0
é c + s K, =3.5*10*
D4 ' T o 15 30 45 60
2 Time /Min
i ® auprecursoruM Figure 4. UV kinetic studies of the photodegradation of
methylene blue (MB). EP: engineered P22 VLP. Cte th

Figure 3. TEM images of the controlled synthesis of goli concentration of MB at measured time; CO: the aabi
nanoparticles on the outer surface of engineered\RP with concentration of MB (n=3 independent experimentsyrebars
different concentrations of gold precursor: a)u38, b) 70 uM, represent + S.D).

c) 105uM, d) 140uM, and e) 17Q:M. f) Calculated size of gold

nanoparticles as a function of precursor concéoratTEM . \ye have further carried out a series of expenisito evaluate
samples were prepared after reaction time of 5 rfuAll scale the gold size-dependent photodegradation activityl®, and the
bars represent 10 n results are shown in Figure S5. We find that megalld on the
residues to gold) and CPs collectively direct theaqaic ordering  surface of P22 VLP does not affect the rate comstan
of gold. Since P22 shells are composed of 420 sagfi€P, each  photodegradation, while gold nanoparticles on VLdStave a
20 consisting of two histidine residues, there aretbtically 420 to e notable influence, with the rate constant increagiramatically
840 sites on each VLP shell for gold nucleation gnowth. as the size of gold particle increases. Based esethesults, we
Using imageJ software the number of gold nanoclysta VLP propose that it is the interaction between the gold CdS that
surface is counted to be 230 (Figure 3a), whiclwvithin the affects the photodegradation of MB. Radiative epergnsfer
range expected to be observed if 420 to 840 pairgsprojected can take place from gold nanoparticles to CdS tjndhe strong
»s0nto a plane X210). By increasing the gold precursors surface plasmonic resonance (SPR)-induced elecfietd
concentration, the size of gold nanoparticles canmell tuned localized in the vicinity of the noble metal. Thieyethe exciton
from about 2.8 nm (3aM), 4.4 nm (70uM), 5.2 nm (105uM), population in the photocatalyst is substantiallgréased. The
8.4 nm (14QuM), and 8.7 nm (17aM), as shown in Figure 3 and interaction is further enhanced with increasingesif gold

This journal is © The Royal Society of Chemistry [year] Journal Name, [year], [vol], 00-00 | 3
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nanoparticles, which is in agreement with the Wwalbwn fact 15

that localized surface plasmonic resonance (LSPR)gad

nanoparticles is size depend&htThe increased LSPR effect
contributes to stronger absorption of visible ligahd the
excitation of active charge carriers for enhanced

65

photodegradation of MB. ® 3% Another possibility for 70 18.

photoactivity enhancement with increasing size af & the
likelihood for gold nanoparticles to penetrate @t protein
layer and contact directly with CdS, thereby preivenelectron-
hole recombination and promoting the photoactivitf
semiconducting photocataly’t.

In conclusion, we have demonstrated that geneticall
engineered P22 VLP acts as a robust nano-platfoom f
fabricating gold/CdS plasmonic photocatalytic nanagures.
The controlled formation of gold nanopatrticles be buter shell
of VLP-CdS dramatically enhances the photoactiwfy CdS
confined inside the VLP. However, the gold nandpks by
themselves exhibit no notable effect on the phaoatdation of
MB. These findings are relevant for the synthe$ia wide range
of alternative plasmonic photocatalytic materialghwdesired
components, architectures, and performance. Tlsisareh was
supported by the U.S. Department of Energy, OffiéeBasic
Energy Sciences, Division of Materials Sciences Endineering
under Award No. DE-FG02-08ER46537.
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