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ABSTRACT: Cellulose nanocrystals (CNCs) can be attractive 
templates for the generation of functional inorganic/organic 
nanoparticles, given their fine sizes, aspect ratios, and 
sustainable worldwide availability in abundant quantities. 
Here, we present for the first time a scalable, surfactant-free, 
tailorable wet chemical process for converting commercially 
available CNCs into individual aspected gold nanoshell-bearing 
particles with tunable surface plasmon resonance bands. Using 
a rational cellulose functionalization approach, stable suspen-
sions of positively charged CNCs have been generated. Continuous, conductive, nanocrystalline gold coatings were then applied 
to the individual, electrostatically stabilized CNCs via decoration with 1−3 nm diameter gold particles followed by electroless 
gold deposition. Optical analyses indicated that these core−shell nanoparticles exhibited two surface plasmon absorbance bands, 
with one located in the visible range (near 550 nm) and the other at near infrared (NIR) wavelengths. The NIR band possessed a 
peak maximum wavelength that could be tuned over a wide range (1000−1300 nm) by adjusting the gold coating thickness. The 
bandwidth and wavelength of the peak maximum of the NIR band were also sensitive to the particle size distribution and could 
be further refined by fractionation using viscosity gradient centrifugation. 

■ INTRODUCTION 

As the uses of nanoparticles and nanoparticle-bearing 
assemblies continue to expand in an increasing variety of 
applications,1−4 the development of sustainable, scalable, and 
cost-effective fabrication techniques that allow for tailorable 
particle chemistries, structures, and properties is becoming 
increasingly more important. A common approach among the 
synthesis strategies examined to date has been to chemically 
tailor a template possessing a desired morphology that can be 
generated in large quantities.5 Certain nanoscale or nano-
structured biogenic particles are formed in a massively parallel 
and sustainable manner, which makes such particles particularly 
attractive for use as templates. For example, diatom 
frustules,6−12 bacteria,13 DNA,14 virus particles,15,16 and 
cellulose nanocrystal (CNC) assemblies17−19 have been 
chemically altered via conformal coating and/or reactive 
transformation methods to endow such structures with new 
properties. 
The syntheses of functional metallic/organic nanostructures 

via metal deposition onto sustainable bio-organic templates 
(e.g., bacteria, virus particles, and CNC assemblies) have been 
examined by a number of authors.13−21 Gold nanoparticle-
bearing structures have been of particular interest for use in a 
variety of fields (e.g., optoelectronics,22,23 nanomedicine,24 

chemical sensing,25 and catalysis26) owing to their shape- and 
size-dependent optical properties, biocompatibility, catalytic 

activity, and chemical inertness. Aspected gold nanostructures 
(nanorods, nanotubes) offer the potential for tailorable optical 
behavior, such as tunable surface plasmon resonance and 
scattering, via adjustment of the particle length and diameter/ 
wall thickness to affect several surface plasmon resonance 
modes. Indeed, aspected gold-bearing nanostructures may be 
synthesized with optical extinction bands at near infrared 
(NIR) wavelengths, which encompasses biological windows of 
optical transparency (650−900 and 1000−1350 nm), for use as 
probes for in vitro and in vivo imaging (e.g., via photoacoustic, 
two-photon luminescence, and darkfield modalities).27,28 The 
absorption of NIR light by localized gold nanoparticles and 
conversion into heat can also be an effective means of killing 
cancerous cells without damaging the surrounding tissue 
(photothermal cancer therapy).29−32 The high density of gold 
has also enabled gold nanoparticles to be effective contrast 
agents in X-ray tomography for tracking the cell movement, 
fluid flow, and tumor growth in live specimens.33−35 

In this paper, we demonstrate for the first time the use of 
commercially available CNCs as sustainable biotemplates for 
the syntheses of singly dispersed, aspected gold nanoshell-
bearing particles with tunable optical properties using a 
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scalable, aqueous, surfactant-free, wet chemical process. CNCs 
can be isolated from cellulose (earth’s most abundant bio-
polymer) generated by plants, animals (e.g., tunicates), and 
bacteria.36,37 Such biogenic CNCs have a high aspect ratio and 
rod-like morphology (5−20 nm diameter, 25−3000 nm length) 
and possess a surface amenable for chemical modification.37,38 

In the present work, a rational CNC surface functionalization 
approach has been used to create stable CNC suspensions 
having a high affinity for gold nanoparticles which, upon 
binding, serve as heterogeneous nucleation sites for subsequent 
electroless deposition of additional gold to yield continuous 
nanocrystalline gold coatings on individual CNC particles. 
Previous attempts to create dense, continuous, and conformal 
gold coatings on CNCs have yielded materials exhibiting broad 
optical extinction that is characteristic of plasmonic nano-
particle aggregates.39,40 Indeed, the tendency of CNCs to form 
hydrogen-bonded networks is well documented and has been 
exploited to generate high surface area aero/hydrogel templates 
for the deposition of randomly dispersed gold nanoparticles for 
catalysis and chemical sensing applications.17,18 The present 
work instead provides a readily scalable means of synthesizing 
individual aspected gold nanoshell-bearing CNC particles with 
tailorable optical extinction at NIR wavelengths. This CNC 
functionalization and templating process avoids the appreciable 
retention of cytotoxic surfactants (such as cetyltrimethylammo-
nium bromide) commonly used in the syntheses of gold 
nanorods, which is a distinct advantage for biological/ 
biomedical applications because additional ligand exchange is 
not required.41 

■ EXPERIMENTAL SECTION 
Removal of Sulfate Esters. An aqueous CNC slurry (11.8 wt % 

CNCs, lot#: 2014-FPL-CNC-064, produced at USDA Forest Products 
Laboratory, Madison, WI) was obtained from the Process Develop-
ment Center at the University of Maine (Orono, ME). Sulfate ester 
groups present on the as-received CNCs were removed by acid 
hydrolysis. A 1.0 wt % stock CNC suspension was prepared by diluting 
the 11.8 wt % aqueous commercial CNC slurry with deionized (DI) 
water (NANOpure, Barnstead International, Dubuque, IA). Hydro-
chloric acid (37 wt %) was added to 300 mL of the 1.0 wt % 
suspension to achieve a molarity of 0.25 M. The acidic suspension was 
then heated under reflux at 100 °C under magnetic stirring (250 rpm, 
magnetic stirring hot plate, Cimarec, Barnstead International, 
Dubuque, IA) for 24 h in a 500 mL round-bottom flask. After 
cooling, the CNCs were washed by repeated centrifugation [relative 
centrifugal force (RCF), of 8000, 5 min] and redispersion in DI water 
using a vortexer (Vortex-Genie 2T, Bohemia, NY) until the pH of the 
supernatant reached a value of 6. The CNCs were then dispersed in 
200 mL of DI water using the vortexer. The suspension was probe 
sonicated (Misonix 3000, Misonix Inc., Farmingdale, NY) at 30% of 
the peak amplitude for 5 min to break up agglomerates. The 
suspension was then transferred to dialysis bags (14 000 MWCO, 
Ward’s Science, Rochester, NY) and dialyzed against DI water to a 
neutral pH. The resulting opaque, milky suspension of desulfonated 
CNCs was diluted with the addition of DI water to a CNC content of 
0.25 wt % and stored at 4 °C. 
Periodate Oxidation. Dialdehyde groups were generated on CNC 

surfaces by sodium periodate oxidation. Sodium (meta)periodate 
(NaIO4, 4.0 g, 99% purity, Sigma-Aldrich, St. Louis, MO) was added 
to a suspension of desulfonated CNCs (200 mL, 0.25 wt % CNC 
loading). After adjusting the pH of the suspension to 3.5 using glacial 
acetic acid (99.9% purity, Fisher Scientific, Hampton, NH), the 
suspension was transferred to a jacketed beaker heated to 45 °C. The 
beaker was covered with aluminum foil (to avoid exposure to light), 
and the suspension was magnetically stirred (350 rpm) for 2.5 h in a 
darkened fume hood. Ethylene glycol (10 mL, 99% purity, BDH VWR 

Analytical, Radnor, PA) was then added to decompose any remaining 
periodate to iodate, and after 5 min, the suspension was cooled to 
room temperature. The suspension was exposed to five cycles of 
centrifugation (8000 RCF, 5 min) and redispersion in DI water (using 
a vortexer) to remove excess reagents. After dialysis against DI water 
(as described above) for 3 days, the resulting dialdehyde-bearing CNC 
suspension (0.187 wt % CNCs) was stored in a refrigerator at 4 °C. 

Reductive Amination. An 80.2 mL suspension of dialdehyde-
bearing CNCs (0.187 wt %) was diluted with 80 mL of phosphate 
buffer (0.2 M, pH 6.0) in a 250 mL round-bottom flask. N-Boc-
ethylenediamine (1.0 g, 98% purity, Alfa Aesar, Haverhill, MA) and 
NaBH3CN (0.4 g, 95% purity, Alfa Aesar, Haverhill, MA) were added 
to the suspension, which was then magnetically stirred (350 rpm) for 
5 days at room temperature. The suspension was exposed to five cycles 
of centrifugation (8000 RCF, 5 min) and redispersion in DI water 
(using a vortexer) to remove excess reagents. After the final 
centrifugation step, the CNCs were suspended in a 4 M HCl solution 
and magnetically stirred (350 rpm) for 24 h at room temperature to 
cleave off the Boc protecting group. The CNCs were then washed 
again by repeated centrifugation and dispersion in DI water (five or 
more washing cycles) until the supernatant remained turbid from 
suspended CNCs. After dialysis against DI water to achieve a neutral 
pH, the amine-bearing CNC (a-CNC) suspension (0.60 wt % a-
CNCs) was stored at 4 °C. 

Dispersal of a-CNCs. The a-CNC suspension was diluted (from 
0.60 to 0.11 wt % a-CNCs) with DI water, and then placed in an ice/ 
water bath for sonication. The a-CNC suspension was sonicated using 
a 5 mm probe (Misonix 3000, Misonix Inc., Farmingdale, NY) 
operating in pulse mode (on/off times of 10 s/5 s) at an amplitude of 
≈90 μm (power setting of 3) for 2 h [note: further sonication beyond 
2 h did not result in a change in the hydrodynamic radius of the a-
CNCs, as determined by dynamic light scattering (DLS)]. 

Preparation of Chloroauric Acid Solution. A stock solution of 
chloroauric acid (HAuCl4, 99.99% trace metals, Sigma-Aldrich, St. 
Louis, MO) was prepared at a concentration of 25 mM in DI water. 
The solution was aged in a dark cabinet for a minimum of 3 days 
before use. 

Preparation of Electroless Au Plating Solution. A chloroauric 
acid-based electroless gold plating solution was prepared as per the 
method of Brinson et al.42 Briefly, the HAuCl4 stock solution (3.0 mL) 
was mixed with an aqueous solution (200 mL, 1.8 mM) of K2CO3 
(99% purity, Sigma-Aldrich, St. Louis, MO). The solution was 
magnetically stirred (350 rpm) for 30 min in a container that was 
covered with aluminum foil (to avoid exposure to light). The covered 
solution was then aged in a dark cabinet for a minimum of 24 h before 
use. 

Synthesis of 1−3 nm Diameter Gold Particles. A suspension of 
1−3 nm diameter gold particles was prepared as per the method of 
Duff et al.43 An aqueous solution of NaOH (0.3 mL, 1 M, ACS Grade, 
Sigma-Aldrich, St. Louis, MO) was diluted with DI water (47 mL) in a 
200 mL beaker. An aqueous solution of tetrakis(hydroxymethyl)-
phosphonium chloride (12 μL, 80% THPC, Sigma-Aldrich, St. Louis, 
MO) was diluted with DI water (1 mL) and then added to the NaOH 
solution under magnetic stirring (350 rpm). After 5 min, the stirring 
speed was increased to 1200 rpm, and an aged HAuCl4 solution 
(1.9 mL, 25 mM) was quickly injected into the THPC−NaOH 
solution from a pipet (with the aid of a full pipet bulb). The solution 
quickly turned dark brown in color. After stirring at 1200 rpm for an 
additional 5 min, the suspension of gold nanoparticles was passed 
through a 0.1 μm syringe filter into a clean glass bottle (cleaned with 
aqua regia and thoroughly rinsed with DI water). The gold 
nanoparticle suspension was stored at 4 °C for a minimum of two 
weeks before use. 

Preparation of Gold Nanoparticle-Decorated a-CNCs. The a-
CNC suspension (0.11 wt % a-CNCs) was diluted by adding DI water 
to increase the suspension volume from 15 μL to 1 mL. The diluted a-
CNCs suspension was sonicated for 5 min (Branson 2510 ultrasonic 
bath, Branson Ultrasonic Corp., St. Louis, MO). The gold nanoparticle 
suspension (4 mL) was added to a scintillation vial (20 mL, cat no. 
66022-065, VWR Analytical, Radnor, PA) that was placed into the 
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ultrasonic bath. A pipet was used to gradually add the diluted a-CNC 
suspension (1 mL), at a rate of 0.1 mL per min, to the gold 
nanoparticle suspension (4 mL). The vial was capped and stored in the 
dark for 14 h. The gold-decorated a-CNCs were then separated from 
loose gold nanoparticles by centrifugation. The contents of the 
scintillation vial were placed into several 2 mL centrifuge vials, and 
centrifugation was conducted (20 000 RCF) for 30 min. After careful 
removal of the supernatant, the resulting film of gold-decorated a-
CNCs was dispersed in DI water for further centrifugation 
(15 000 RCF) for 30 min. The DI water dispersal and centrifugation 
(15 000 RCF) treatment was repeated three more times. The gold-
decorated a-CNCs were then placed in 3 mL of DI water and 
dispersed via exposure to the ultrasonic bath for 1 h. The suspension 
of gold nanoparticle-decorated a-CNCs (≈0.006 wt % a-CNC 
loading) was stored at 4 °C. 
Carbon Monoxide Generation. Carbon monoxide was generated 

and used as a reducing agent during electroless gold deposition. Given 
the odorless, colorless, and toxic nature of carbon monoxide, such 
carbon monoxide generation and use were conducted entirely within a 
fume hood. Carbon monoxide was generated in small quantities 
(500 mL) via the dehydration of 5 mL of formic acid (97% purity, Alfa 
Aesar, Haverhill, MA) by reaction with 10 mL of sulfuric acid (ACS 
grade 95−98% purity, BDH VWR Analytical, Radnor, PA). The gas 
was collected and contained in a three-neck round-bottom 500 mL 
flask fitted with a rubber septum. Once the flask was filled with CO 
gas, the remaining formic acid/sulfuric acid solution was poured into 
200 mL of cold water to stop the CO formation reaction. 
Synthesis of Gold-Coated a-CNCs. Electroless deposition was 

used to apply additional gold onto the gold nanoparticle-decorated a-
CNCs so as to generate continuous gold coatings (i.e., gold nanoshell-
bearing CNCs). A suspension of gold nanoparticle-decorated a-CNCs 
(200 μL, ≈0.006 a-CNC wt % loading) was placed in a 10 mL vial 
along with a controlled volume (0.1−2.75 mL) of the electroless gold 
plating solution. DI water was then added to adjust the total 
suspension volume to 3 mL, and the vial was sealed with a rubber 
septum. A syringe was used to pull a slight vacuum in the vial to help 
keep the septum in place during subsequent gold ion reduction, and 
the contents were briefly mixed with a lab vortexer (Vortex-Genie 2T, 
Bohemia, NY). A hypodermic needle was then used to inject 1 mL of 
CO gas just above the suspension within the vial. The vial was quickly 
placed back on the vortexer and the contents were mixed at the highest 
speed setting for 1 min. During such mixing, the colorless solution 
developed a deep purple color, which was consistent with the 
formation of gold nanoshells. The suspension was then centrifuged 
(500 RCF) for 10 min. After careful removal of the supernatant, the 
remaining gold-nanoshell CNCs (AuNS−CNCs) were dispersed in DI 
water. 
Differential Viscosity Gradient Centrifugation. Differential 

viscosity gradient centrifugation was employed to allow for size/mass-
based separation of the AuNS−CNCs. Aqueous solutions of 50, 40, 
30, 20, and 10 wt % glycerol were sequentially placed (layer by layer) 
in a 5 mL centrifuge vial by carefully pipetting solutions of lower 
glycerol content (lower density) on top of solutions of higher glycerol 
content (higher density). Each glycerol layer (0.9 mL thick) could be 
distinguished from the neighboring layers because of the refractive 
index differences of the layers. The dilute AuNS−CNC suspension was 
centrifuged down at 500 RCF for 15 min and then dispersed in 100 μL 
of DI water. This concentrated suspension (≈0.13 wt % AuNS− 
CNCs) of gold-coated CNCs was then placed on the top (10 wt %) 
glycerol solution layer, and the vial was centrifuged (300 RCF) for 
20 min. Two distinct AuNS−CNCs fractions were recovered. Each 
fraction was washed (to remove glycerol) using five cycles of 
centrifugation (1000 RCF, 5 min) and dispersion in DI water. The 
washed AuNS−CNCs were dispersed in 1 mL of DI water using an 
ultrasonic bath for 5 min prior to optical analysis. 
Fourier Transform Infrared Spectroscopy. Fourier transform 

infrared spectroscopy (FTIR) analysis was conducted with an Equinox 
55 FTIR spectrometer (Bruker, Billerica, MA). Cellulose suspensions 
(0.01 wt %) were frozen at -80 °C and then freeze-dried (FreeZone 18 
lyophilizer, Labconco, Kansas City, MO) for 24 h. The dried samples 

were mixed with KBr powder (Spectroscopic Grade, Graseby Specac, 
Orpington, UK) at a concentration of 1 wt % (total mass of 150 mg) 
and ground into a fine powder mixture in an agate mortar. The KBr− 
CNC powder mixture was uniaxially pressed into 13.5 mm diameter 
disks at a peak stress of 550 MPa. The spectral analysis for each sample 
was obtained as an average of 64 scans conducted in the range of 4000 
to 400 cm−1 with a resolution of 4 cm−1. 
Zeta Potential Analyses. Zeta (ζ) potential analyses of CNC-

bearing suspensions were conducted at 25 °C (Nano ZS Zetasizer, 
Malvern Instruments, Malvern, UK). Prior to such analyses, the 
suspensions were diluted to a CNC concentration of 0.1 wt % via 
addition of an aqueous NaCl (1 mM) solution. For each suspension, 
five analyses were used to obtain an average zeta potential value. 

Scanning Electron Microscopy. Scanning electron microscope 
(SEM) analyses were conducted with a field emission gun instrument 
(Ultra 60 field emission-SEM, Carl Ziess, Oberkochen, Germany). 
Samples were prepared by depositing ∼2 μL of Au−CNC suspensions 
onto ozone-cleaned, platinum-coated silicon wafer substrates and 
allowing the water to evaporate at room temperature. 

Transmission Electron Microscopy. Transmission electron 
microscope (TEM) analyses of the as-received and gold-decorated 
CNCs were conducted with a field emission gun instrument (Hitachi 
HT7700 microscope, Hitachi, Tokyo, Japan) using an accelerating 
voltage of 120 kV. Dilute CNC suspensions (0.001 wt %) were 
deposited onto carbon-coated TEM grids (CF300-Cu, Electron 
Microscopy Sciences, Hatfield, PA) and the water was allowed to 
evaporate at room temperature. The CNCs were stained by exposure 
for 3 min to an aqueous solution of 2 wt % uranyl acetate, and the 
excess liquid was then wicked from the surface using a tissue. TEM 
analyses of individual AuNS−CNCs were conducted using a LaB6 
filament instrument (Tecnai T20, FEI, Hillsboro, Oregon) at an 
accelerating voltage of 200 kV. Samples were prepared by depositing 
1 μL of dilute (≈0.004 wt %) AuNS−CNC suspension onto carbon-
coated copper TEM grids followed by water evaporation at room 
temperature. 

Vis−NIR Spectroscopy. Visible−NIR extinction analyses were 
conducted with a spectrophotometer (UV-3101PC, Shimadzu, Kyoto, 
Japan) operating in the range of 400−1300 nm. The spectra of 
aqueous suspensions were collected over a 1 cm path length using 
quartz cuvettes (108-QS, Hellma Analytics, Muellheim Germany). 

Elemental Analyses. Elemental analyses were conducted to 
determine the sulfur content in the as-received and desulfated CNC 
samples (LECO CHNS-932 analyzer, Atlantic Microlabs Inc., 
Norcross, GA) and the nitrogen content of aminated CNCs (Carlo 
Erba 1108 elemental analyzer, Atlantic Microlabs Inc.). The CNC 
specimens were freeze-dried and then vacuum-dried at 60 °C for 24 h 
prior to analyses. 

■ RESULTS AND DISCUSSION 

CNC Surface Functionalization. To create continuous 
gold coatings on CNCs, it was necessary to alter the CNC 
surface chemistry to promote gold nanoparticle attachment. In 
prior gold nanoshell synthesis procedures, aminosilanes have 
been used to endow templates with an affinity for gold.6,42,44 

However, the ability of silanes present on CNC surfaces to 
form molecular networks gives rise to the possibility of CNC 
cross-linking, particularly if the CNCs are not well dispersed. 
An example of such apparent cross-linking can be seen in the 
work of Gruber et al., in which gold nanoparticles were 
deposited on amine-bearing, silica-coated CNCs (the silica 
coating had been functionalized with aminopropyltriethoxy-
silane).40 The TEM images and optical data presented in their 
work were consistent with agglomerated networks of gold 
nanoparticle-bearing, silica-coated CNCs and not individually 
dispersed particles. In the present work, an alternative surface 
functionalization method was developed to introduce surface 
amine groups to CNCs, while avoiding such CNC cross-
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Scheme 1. Schematic Illustration of the CNC Surface Functionalization Protocol Developed in This Work: (Step 1) Sulfate 
Half-Ester Removal; (Step 2) Periodate Oxidation; and (Step 3) Reductive Amination (Step 4) Cleavage of the Boc Protecting 
Group 

Figure 1. FTIR spectra of CNCs after each functionalization step: (a) as-received CNCs, (b) desulfonated CNCs, (c) dialdehyde-bearing CNCs, and 
(d) aminated CNCs (a-CNCs). Full wavenumber range (A) and two selected ranges (B,C). 

linking. A schematic illustration of this functionalization 
approach is provided in Scheme 1. 
The CNCs used in this work were produced via sulfuric acid 

hydrolysis of dissolving pulp. During such hydrolysis, some of 
the native cellulose hydroxyl groups react to form sulfate half-
esters.45 The sulfate ester groups impart a negative surface 
charge to the CNCs (the average ζ potential of these CNCs 
was measured in this work to be −40 ± 11 mV at pH 7), which 
helps to stabilize the particles in suspension. Unfortunately, the 
amine groups that would be used to bind gold to the CNC 
surface become protonated, and acquire a net positive charge, 
under neutral and acidic conditions. The presence of both 
positively charged amine groups and negatively charged sulfate 
ester groups on the CNC surfaces would degrade electrostatic 
repulsion and destabilize the CNC suspensions. To overcome 
such charge neutralization, a mild hydrochloric acid hydrolysis 
treatment (Step 1) was conducted to remove the sulfate ester 
groups prior to surface amination. The efficacy of this HCl 
treatment was confirmed by ζ potential, elemental sulfur, and 
FTIR analyses. The ζ potential analyses indicated that this 
treatment resulted in CNCs with a surface charge of 
appreciably lower magnitude (−7 ± 4 mV at pH 7) than that 
for the as-received CNCs (−40 ± 11 mV at pH 7), which was 
consistent with the removal of sulfate ester groups. Elemental 
sulfur analyses of the CNCs conducted before and after this 

4430 

HCl treatment yielded values of 0.95 wt % (±0.3%) and 0.0 wt 
% (±0.3%), respectively. FTIR analyses conducted after various 
stages of the CNC functionalization process are shown in 
Figure 1. For as-received CNCs, FTIR absorbance located 
around 1250 cm−1 has been attributed to the asymmetrical S 
O vibration, whereas a peak around 815 cm−1 has been 
associated with the symmetrical C−O−S vibration.46 After the 
HCl treatment, the band that had been located around 
815 cm−1 in as-received CNCs disappeared (Figure 1), and a 
decrease (≈35%) in absorbance around 1250 cm−1 was also 
observed, which were consistent with the removal of sulfate 
ester groups. 
A sodium periodate (NaIO4) treatment (Step 2) was then 

used to oxidize the CNCs to generate dialdehyde groups that, 
in turn, could undergo subsequent reduction to yield surface 
amines.47 A periodate oxidation treatment was chosen over 
another common CNC oxidation methodology, 2,2,6,6-
Tetramethyl-1-piperidinyloxy (TEMPO)-mediated reaction 
using NaClO, as the latter approach selectively targets only 
surface C6 hydroxyls, whereas the former (periodate) approach 
involves the reaction of C2−C3 glycosidic linkages in the 
cellulose chain. As a result, the periodate reaction can generate 
more uniformly oxidized crystalline cellulose than the TEMPO-
mediated reaction.47 Indeed, such periodate oxidation of CNCs 
has been reported to yield a relatively high aldehyde content 
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Figure 2. (a) Schematic illustration of the gold coating process. (b) As-received CNCs: TEM images and optical extinction spectrum. (c) Gold-
decorated a-CNCs: TEM images and optical extinction spectra of 1−3 nm gold nanoparticles [black] and gold-decorated a-CNCs [red]. (d) Partially 
gold-coated CNCs: SEM and TEM images of CNCs with partial gold coatings (using 0.25 mL of gold plating solution) and the extinction spectrum. 
(e) Gold nanoshell-bearing CNCs (AuNS−CNCs): SEM and TEM images of CNCs with complete and continuous gold coatings (using 2.75 mL of 
gold plating solution) and the extinction spectrum. 

(>8 mmol g−1) dictated by the total availability of surface 
anhydrous glucose units.47,48 Confirmation of periodate 
oxidation and surface aldehyde formation on the CNCs of 
the present work was obtained from FTIR analyses. 
Comparison of the FTIR spectra obtained before and after 
periodate-based oxidation of the CNCs (Figure 1) indicated 
that this treatment resulted in the formation of a peak located 
at about 1730 cm−1 and broadening of the peak located at 

−1 −1around 895 cm . The new peak at about 1730 cm
corresponded to a characteristic absorption of the aldehyde 
carbonyl group, whereas broadening of the 895 cm−1 peak was 
consistent with the formation of hemiacetal bonds between 
aldehyde groups.47−49 As expected, ζ-potential measurements 
of the aldehyde-bearing CNCs yielded an average value (−4 ± 
5 mV at pH 7) similar to that for the desulfonated CNCs. 
The aldehyde-bearing particles were then exposed to a 

reductive amination treatment (Step 3). Prior work by Dash et 
al. and Jin et al. on the reductive amination of aldehydes on 
CNCs involved the use of a large excess of amine-bearing 
molecules to push the imine formation reaction far to the right 
before quickly reducing the imine-bearing products with 
sodium borohydride.47,50 In the present case, a molecule 
possessing multiple amine groups was required for reductive 

amination, to allow for binding to a given CNC via reaction 
with a surface aldehyde, while also providing one or more 
pendant amines for interaction with gold nanoparticles. One 
concern with the use of such a molecule was the possibility that 
the amines on a given molecule would react with aldehyde 
groups present on neighboring CNCs so as to yield cross-
linked CNC aggregates. Such cross-linked CNC agglomerates 
could be quite difficult to disperse in solution, given the low 
surface charge measured for the dialdehyde-bearing CNCs. 
Since this work has been aimed at creating single, dispersable 
CNCs with continuous gold coatings, the reductive amination 
treatment was conducted with a tert-butyloxycarbonyl(Boc)-
protected ethylenediamine, so that only one end of this diamine 
was available for reaction with a surface aldehyde (i.e., only one 
aldehyde-bearing CNC particle could react with a given (Boc)-
protected ethylenediamine molecule). Sodium cyanoborohy-
dride was used as a highly-selective, in situ reductant to convert 
newly formed imine groups into amines, so as to strongly 
promote the completion of the reductive amination (aldehyde-
consuming) reaction for maximum loading of CNC surfaces 
with the Boc-protected ethylenediamine.51 A solution of 4 M 
HCl was then used to remove the Boc-protecting group, so as 
to generate CNC particles containing pendant protonated 
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Figure 3. Particle widths of AuNS−CNCs synthesized by exposure to increasing volumes of electroless gold solution: (a) 2.0, (b) 2.125, (c) 2.5, and 
(d) 2.75 mL. 

amine groups for electrostatic CNC repulsion (and good CNC 
dispersion) and for interaction with gold nanoparticles. The 
success of this reductive amination process was confirmed by 
FTIR, ζ-potential, and elemental analyses. Comparison of the 
FTIR analyses (Figure 1) before and after the reductive 
amination process indicated that the absorption peak located at 
around 1730 cm−1 disappeared, and the breadth of the peak at 
around 895 cm−1 decreased, after this process which, in turn, 
were consistent with the removal of the aldehyde carbonyls and 
the hemiacetal bonds between aldehydes, respectively. The 
small but detectable increase in infrared absorbance at around 
1560 cm−1 (Figure 1) was also consistent with absorption 
because of the N−H bending mode of bound amines.50 The 
average ζ-potential value of the aminated CNCs (a-CNCs) was 
measured to be +33 ± 4 mV at pH 7. This highly-positive a-
CNC surface charge was of nearly the same magnitude as the 
average negative surface charge of the as-received, easily 
dispersed sulfonated CNCs (−40 ± 11 mV at pH 7). 
Elemental analyses of the as-received CNCs and the a-CNCs 
yielded nitrogen contents of 0.0 wt % (±0.3%) and 1.7 wt % 
(±0.3%), respectively. 
Chang et al. have reported that individually dispersed, wood-

based CNCs derived from a similar source possessed 
hydrodynamic radii in the range of 22−27 nm.52 To evaluate 
the dispersion and hydrodynamic radii of the a-CNCs formed 
in the present work, a 0.11 wt % a-CNC suspension was 
exposed to an ultrasonic probe for various times to break up 
agglomerates. The state of dispersion/agglomeration of the 
suspension was assessed by evaluating the average hydro-
dynamic radius of the a-CNC particles from DLS measure-
ments after various ultrasonication times. After 2 h of 
ultrasonication, the average hydrodynamic radius of the a-
CNCs reached a constant value of 36 nm, which was of similar 
magnitude as that reported by Chang et al. for individually 
dispersed CNCs. These individually dispersed a-CNCs served 
as the starting material for creating gold-coated CNCs. 

Synthesis and Optical Properties of Gold-Coated 
CNCs. Although several methods53−55 for creating conformal 
gold coatings on silica shells have been developed, methods 
similar to those reported by Oldenburg et al.42,56 were used to 
apply gold coatings to the a-CNCs of the present work. Briefly, 
suspensions of a-CNCs and 1−3 nm diameter gold particles 
were mixed, to allow for the attachment of the gold 
nanoparticles to the a-CNCs through weak covalent bonding.57 

The CNC-bound gold nanoparticles then served as heteroge-
neous nucleation sites for subsequent electroless gold 
deposition. With sufficient electroless deposition, the gold 
nanoparticles became interconnected to yield continuous 
nanocrystalline gold shells around the a-CNCs. A schematic 
illustration of this process is shown in Figure 2a. 
TEM analysis of the as-received CNCs (Figure 2b) revealed 

rod-like particles with a wide distribution of lengths. The 
optical extinction of the as-received CNC suspensions (Figure 
2b) followed a monotonically decaying curve with an increasing 
wavelength, which is a characteristic of particles exhibiting 
Rayleigh scattering.58 Hydrosols of 1−3 nm diameter gold 
particles whose extinction is dominated by absorption also 
exhibit a monotonically decaying extinction profile with an 
increasing wavelength (Figure 2c).43 The small shoulder seen at 
520 nm in the gold hydrosol extinction spectrum was 
consistent with plasmon absorption associated with particle 
growth during aging.43 This plasmon shoulder (Figure 2c) was 
much more pronounced in the extinction spectrum of gold-
decorated a-CNCs, which could be attributed to plasmon 
coupling between closely spaced gold nanoparticles. TEM 
images of a-CNCs after gold nanoparticle attachment (Figure 
2c) confirmed the presence of rod-like assemblies containing 
fine gold particles. 
To enhance the interconnection of the fine gold nano-

particles along the length of the a-CNCs and to generate a 
complete gold nanoshell, additional gold was applied via 
electroless deposition using carbon monoxide (CO) as a 
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reducing agent. Prior work by Brinson et al. has revealed that 
the use of CO during such electroless gold deposition enhanced 
the continuity and uniformity of the resulting gold nanoshells.42 

Heterogeneous gold nucleation during CO-enhanced electro-
less deposition resulted in coarsening of the gold nanoparticles 
on the a-CNC surfaces (Figure 2d). After 1 min of exposure to 
a modest volume of gold electroless solution (0.25 mL), 
however, significant gaps were still detected between the gold 
particles on the a-CNC surfaces. Exposure for the same time to 
a larger volume (>2.0 mL) of gold electroless solution resulted 
in enhanced gold interconnectivity (Figure 2e) so as to yield a-
CNCs possessing complete gold nanoshells (AuNS−CNCs). 
These particles possessed a zeta potential of −20 ± 4 mV, 
which is consistent with prior reports for bare gold nano-
particles (previously attributed to the accumulation of 
hydroxide ions on the gold surface).59−61 

The extinction spectrum of the AuNS−CNCs exhibited two 
distinct bands (Figure 2e), with one band located in the visible 
range (around 550 nm) and the other broader band located in 
the near-infrared range. These visible and near-infrared bands 
were consistent with plasmon resonance through the nanoshell 
thickness and along the nanoshell length, respectively. The 
broad nature of the near-infrared band in Figure 2e was 
consistent with the relatively large variation observed in the 
CNC particle lengths. The position of the near-infrared 
plasmon peak was highly red-shifted relative to reported 
longitudinal plasmon resonance peaks for shorter gold 
nanorods of similar aspect ratio.62,63 However, such longer/ 
wider gold particles fall outside of the quasi-static dipole 
approximation range and are subject to phase retardation and 
plasmon dampening effects, which cause a significant red-shift 
of the longitudinal plasmon band.64,65 

Effect of Gold Shell Thickness and Length on Optical 
Properties. To investigate the influence of the gold nanoshell 
thickness on the tunability of the longitudinal plasmon band, 
the amount of deposited gold was increased by exposing gold 
nanoparticle-decorated a-CNC suspensions of similar concen-
tration and volume (200 μL, ≈0.006 wt % loading) to 
increasing volumes (2.0 mL to 2.75 mL) of the electroless gold 
solution. Particle width analyses were then conducted using 
SEM images of 200 individual particles for each volume of 
electroless gold solution used. A general increase was observed 
in the mean AuNS−CNC particle width upon exposure to an 
increasing volume of electroless gold solution (Figure 3). 
Student’s t-test analysis confirmed that within 95% confidence, 
the values of the mean particle width obtained upon exposure 
to an increasing volume of electroless solution were statistically 
different (i.e., p values obtained by comparing pairs of data sets 
were well below 0.001). The values of the average thickness of 
the gold nanoshells were determined by subtracting the average 
CNC cross-sectional width value of 7 ± 2 nm (for wood-
derived CNCs synthesized via sulfuric acid hydrolysis66) from 
the mean width values shown in Figure 3 and dividing by two. 
Exposure to an increasing volume of the electroless gold 
solution (from 2.0 to 2.75 mL) resulted in a monotonic 
increase in the average thickness of the gold nanoshells (from 
21 to 26.5 nm) and, in turn, a monotonic shift in the peak 
(maximum absorption) location of the longitudinal plasmon 
band from about 1300 to about 1000 nm (Figure 4). 
The width of the longitudinal band also decreased with an 

increase in the mean gold nanoshell thickness. A similar 
plasmon resonance behavior has been reported for gold 
nanoshells56 as well as gold nanorice30 and has been attributed 

Figure 4. Extinction spectra of gold-coated CNCs showing the effect 
of the increasing amount of electroless growth solution/average 
coating thickness (Y-axis). 

to plasmon mode hybridization67 between the inner and outer 
surfaces of the gold nanoshells. Tuning the longitudinal band 
outside of the range presented here was not investigated 
because thinner coatings would push the longitudinal plasmon 
resonance band further into the infrared (which would require 
a more transparent liquid than water), whereas thicker coatings 
would reduce the aspect ratio further and produce particles 
with both extinction bands in the visible wavelength region. 
To evaluate the influence of the average gold nanoshell 

length on the optical behavior, viscosity gradient fractionation 
was used to obtain populations of AuNS−CNCs with different 
average nanoshell lengths. A dispersion of AuNS−CNCs 
prepared with the use of 2.5 mL of electroless gold solution 
was separated into two fractions, with the population 
possessing longer AuNS−CNC particles settling at a faster 
rate. Particle length analyses were conducted using SEM images 
of 100 individual particles from each fraction. The particle 
length distributions of the two populations are shown in Figure 
5a,c. The average lengths of the two AuNS−CNC populations 
were 207 nm (±46 nm) and 231 nm (±63 nm), respectively. 
Although the difference in the average particle length was less 
than 30 nm, a blue shift of about 100 nm in the longitudinal 
plasmon band was detected for the AuNS−CNC population 
with the shorter average particle length. Hence, the plasmonic 
behavior of the AuNS−CNCs generated in this work could be 
tailored by controlling the gold coating thickness and/or the 
CNC length. The gold deposition protocol of the present work 
may also be applied to other cellulose templates (e.g., CNCs 
from bacteria or tunicates, or cellulose nanofibrils) with a wider 
range of aspect ratios. 

■ CONCLUSION 
This work demonstrates that readily available, biorenewable 
CNCs can be used as templates for the creation of high aspect 
ratio gold nanoshell-bearing particles with tunable optical 
properties. A rational wet chemical approach was developed to 
generate aminated, positively charged, dispersable, individual 
CNCs while avoiding appreciable CNC agglomeration. Gold 
nanoparticles (1−3 nm diameter) were deposited onto the 
aminated CNCs, and then used as heterogeneous nucleation 
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Figure 5. (a,c) Histograms of particle length distributions of the relatively short and long AuNS−CNC fractions. (b,d) Extinction spectra of the 
relatively short (blue) and long (red) AuNS−CNC fractions. 

sites for additional electroless gold deposition to create 
complete, continuous gold nanoshell coatings on the CNCs. 
The resulting gold nanoshell-bearing CNCs exhibited two 
surface plasmon bands that are characteristic of plasmonic 
core−shell nanostructures. The wavelength location of the NIR 
(longitudinal) plasmon band could be tuned over a wide range 
by adjusting the gold coating thickness. The location and width 
of this NIR band were also found to depend on (and could be 
tuned by changing) the average length of the CNC templates. 
The bottom up aqueous synthesis method presented here is a 
scalable, sustainable, and cost-effective method for creating 
functional inorganic/bio-organic core−shell structures for a 
range of potential optical, electrical, catalytic, chemical sensing, 
and medical applications. 
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