Phospholipid—Gold Nanorod
Composites

Christopher J. Orendorff,* Todd M. Alam, Darryl Y. Sasaki, Bruce C. Bunker, and James A. Voigt

Sandia National Laboratories, Albuquerque, New Mexico 87185

oble metal nanorods and nano-

wires are known to exhibit unique

optoelectronic, mechanical, elec-
tronic, and chemical properties due to their
anisotropy and tunability of size and shape.’
Gold nanorods are of particular interest
due to their stability under ambient condi-
tions relative to other metals, such as silver
and copper. Static assemblies of gold nano-
rods and gold nanorod composite materi-
alsiinto 1D, 2D, and 3D structures have been
generated by a variety of techniques. For
example, linear 1D assemblies of gold nano-
rods have been shown using biologically*?
and chemically directed approaches.* There
are numerous reports of liquid crystalline
assemblies of metal nanorods in two or
three dimensions using chemically directed
approaches,”~® biodirecting methods,’
Langmuir—Blodgett techniques,'®'" and
ionic strength induced flocculation.'> 4

Our primary interest is in using gold

nanorods in composite materials, where
the assembly of nanorods is switchable, re-
configurable, and dynamic. Most examples
of gold nanorod assembly in the literature
are for static assemblies, where there is no
switchability or reversibility in the process.
However, there are examples in the litera-
ture of metal nanoparticle assemblies that
are switchable. For example, by using a
crown-ether-like ligand, Obare et al. have
shown the controlled assembly of gold
nanoparticles as a function of aqueous
lithium ion concentration.’ In addition,
gold nanorods have been switched be-
tween a random assembly to a 2D liquid
crystalline assembly using a pH-triggered
diacid bridging molecule.'® While both of
these are examples of more dynamic as-
semblies, their resultant structures are es-
sentially irreversible from a practical per-
spective because the reverse step involves
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ABSTRACT Phospholipids comprise an enormous range of chemical structures that provide much of the
functionality associated with cellular membranes. We have developed a simple method for incorporating
phospholipids onto the surfaces of anisotropic gold nanorods as a stepping-stone for creating responsive and
multifunctional nanocomposites. In this report, we demonstrate how phospholipids can be used to control the self-
assembly of gold nanorods into agglomerate architectures ranging from open “end-to-end” networks to densely
packed “side-to-side” arrays. The results indicate that lipid —gold nanorod assembly is governed by the tuning of
electrostatic interactions within the phospholipid layers as well as by how the phospholipid layers organize
themselves around anisotropic nanorod surfaces.
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increasing the solution ionic strength which
would precipitate out the nanocomposite
of interest.

In considering functionally dynamic
coatings for gold nanorods, lipid bilayers of-
fer a biocompatible interface that can dis-
play a broad range of reactive and interac-
tive functionality existing in specific
structural phases.'” Additionally, synthetic
lipid membranes have been used as simple
models of the cell membrane enabling the
incorporation and functional properties of
membrane-associated proteins.'® Most rel-
evant to the current work is the facile for-
mation of supported lipid bilayers onto
solid surfaces.'® The supported bilayer
readily interfaces with hydrophilic surfaces,
such as glass, mica, and silicon, to generate
a conformal and virtually defect-free coat-
ing. Coupling to metal surfaces has also
been achieved but typically through teth-
ered approaches that chemically link the bi-
layer to the surface, such as through a
gold—thiolate bond. Phospholipid vesicles
are known to adsorb intact to gold surfaces
but, due to a lack of membrane—surface at-
traction, resist rupturing to form the sup-
ported bilayer.?’ Recent work, however, has
found that supported bilayers can be
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Figure 1. Cartoon of the modification process of as-prepared CTAB—gold nanorods with phospholipid

liposomes.
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formed on gold by inducing vesicle rupturing with vi-
ral peptides.?! Moreover, modification of gold nanorods
by phospholipids has been reported as a means of re-
ducing the cytotoxicity of metal nanoparticles.??

We have developed a strategy for the assembly of
nanocomposite materials based on lipid-protected
gold nanorods. Using a vesicle fusion approach, we
modified the initial cetyltrimethylammonium bromide
(CTAB) surfactant coating on the nanorods with a lipid
bilayer and demonstrate its formation spectroscopi-
cally. In this report, we describe the synthesis and tun-
able properties of lipid-protected gold nanorods. We
also present the self-assembly and controlled disassem-
bly of these composites in an effort to move toward re-
versible reconfigurable nanomaterials. These initial
studies on passive lipid-functionalized nanorods could
serve as the groundwork for introducing active compo-
nents into these systems to make switchable or recon-
figurable nanocomposite materials.

RESULTS

CTAB—Gold Nanorods. Gold nanorods were prepared
by the seed-mediated, surfactant-directed approach
described by Murphy et al.>>?* As-prepared gold nano-
rods are capped with a bilayer of CTAB, giving these
nanorods a net positive surface charge (approximately
+40 mV) from the quaternary ammonium surfactant
headgroup.?® While the nature of the CTAB—gold inter-
action is the subject of some debate, there is evidence
to suggest it is mediated by electrostatic interactions
between adsorbed bromide anions at the gold nano-
rod surface."?® In addition, the surfactant bilayer is sta-
bilized by hydrophobic interchain coupling interactions
within the bilayer.2® There has been significant interest
in modifying the surface of these nanorods to give
them specific functionality. While alkanethiols?* and
polymers? have been used to modify the surfaces of
gold nanorods, evidence to support the displacement
of CTAB capping molecules with a different surface cap-
ping agent has been limited.
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Zwitterionic POPC-nanorods:

”‘ =POPC

1-Palmitoyl-2-oleoyl-sn-glycero-
3-phosphocholine (POPC)

4

Lipid—Gold Nanorod
Composites. The approach de-
scribed in this report is to
modify the surface of gold
nanorods with phospho-
lipid vesicles by exchange
or displacement of CTAB at
the nanorod surface. Al-
though phosphotidylcho-
line lipids differ from CTAB

TR surfactant in net electro-

Y o/;;{;\og‘oh/:‘,q;cf_‘s static charge at neutral pH,
3y both are terminated with

trimethylammonium head-

groups that may interact

similarly with the gold nano-
rod surface. Phospholipid—gold nanorod composites
were prepared by modification of the gold nanorod sur-
face with POPC liposomes. Figure 1 shows a cartoon of
the modification process. Excess CTAB surfactant was
removed from the CTAB—gold nanorod sample such
that the final CTAB concentration is estimated to be 40
wMin 1 mL (2 X 10" particles, determined by the ab-
sorption spectrum, the average nanorod size, and the
assumption of a bilayer of CTAB).?° The gold nanorod
surface was modified with phospholipids by dispersing
CTAB—gold nanorods in 2 mL aqueous solutions con-
taining a 10 mM POPC liposome (~1000-fold molar ex-
cess relative to the estimated CTAB concentration). Af-
ter an adsorption time of 12 h, POPC—gold nanorods
are centrifuged twice and redispersed in water to re-
move displaced CTAB and unbound POPC.

The exchange of the CTAB capping layer on the
gold nanorods by POPC was monitored by 'H NMR, as
well as by FT-IR spectroscopy. Figure 2a—d shows the
"H NMR spectra for CTAB (10 mM), POPC (10 mM),
CTAB—gold nanorod (40 M), and POPC—gold nano-
rod (20 wM) samples. All nanorod samples were centri-
fuged and redispersed in D,O prior to NMR spectral ac-
quisition in order to remove excess or unbound
surfactant and lipid. Table 1 summarizes the 'H chemi-
cal shifts for these different samples. The chemical shift
assignments have been previously reported.>*~33 For
the CTAB—gold nanorod composites, a slight decrease
in the chemical shift was observed in comparison to
free CTAB. This is particularly true for the y-methyl pro-
tons and the 1- and 2-methylene protons near the
headgroup (see Figure 1 for the numbering of the dif-
ferent protons in CTAB and POPC). These results sup-
port the picture of CTAB binding to the gold nanorod
surface through the trimethylammonium headgroup.
This shift of —0.05 to —0.04 ppm for the headgroup
protons is similar to that observed for CTAB-coated Au
nanospheres, as well as the —0.07 ppm shift reported
for CTAB-capped Au nanorods.*® Similar decreases in
the "TH NMR chemical shifts of protons near the head-
group have also been observed for CTAB-capped gold
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TABLE 1. '"H NMR Chemical Shifts, Line Widths, and
Assignments for CTAB, POPC, and Nanorod Composites

"H ppm (fwhm Hz)

(TAB CTAB/nanorods assignment’
0.89—0.91(8,7.5) 0.88 (27) 16 (CHy)
1.33(71) 1.30 (70) 4—15 (CHy)
1.41(13) 1.38(26) 3(CHy)
1.82(19) 1.78 (29) 2 (CHy)

3.16 (10) 3.11(25) v (CHy)
337(23) 3.31(20) 1(CHy)
'H ppm (fwhm Hz)?

POPC POP(/nanorods assignment*
0.90 (22) 0.90 (46) 16 (CH3)
1.30 (64) 1.30 4—15,4'-7',

(480 [71%], 57 [29%])* 12'—17" (CHy)
1.62 (95) 1.61(100) 33" (CHy)
2.05 (45) 2.03 (40) 811" (CHy)
2.36,2.41 (85,43) 2.37 (100) 2,2 (CHy)
3.27(10) 3.26 y(CH;

(167 [74%], 20 [26%])*
3.70(18) 3.70 (33) a (CHy)
4.02(77) e 1 (CHy)
4.2435) e gs (CHy)
431(24) 4.31(48) B (CHy)
445 (32) e gr (CHy)
53(29) e 0, (CH)
5.35 (64) 5.31(65) 9',10" (CH)

“Full width at half-maximum (fwhm) line width. NMR spectra were obtained at
298 K for CTAB and CTAB/nanorod samples and at 315 K for POPC and POPC/nano-
rod samples. *Assignments based on previous CTAB results from refs 30 and 31. ‘As-
signment based on previous egg-PC and POPC literature from refs 32 and 33. “De-
convolution of a broad and narrow component including relative percent in square
brackets. ‘Resonances not observed or unresolved due to increased line broadening.

nanoparticles.* These chemical shift variations have
been attributed to a Knight shift due to the close spa-
tial contact between headgroup protons and the Au
surface. The increase in the full width at half-maximum
(fwhm) line width for the +y-, 2-, and 3-headgroup pro-
tons of CTAB (Table 1) is also consistent with a reduced
mobility resulting from the interaction of CTAB with
the Au nanorod. It should be noted that the chemical
shift and line width variation in CTAB—gold nanorods
were significantly smaller than the dramatic line width
variations observed in the '*C NMR of alkanethiol
monolayers on gold* or the significant chemical shift
changes in the 'H NMR of alkylamines and aminoalco-
hols interacting with Au nanoparticles.3¢~38 The smaller
variation of chemical shift and line width most likely re-
flects the weaker coordination and ionic interaction of
CTAB to the gold surface in comparison to the thiol and
amine binding on gold nanoparticles. It has been sug-
gested that the 'H NMR spectrum of the CTAB-capped
gold nanorods in Figure 2 may only reflect headgroup
environments that are in outer leaflet of the proposed
bilayer structure, and that the headgroup protons that
are directly adsorbed to the gold surface are broadened
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Figure 2. "H NMR spectra of (a) 10 mM CTAB, (b) CTAB-protected gold
nanorods, (c) 10 mM POPC SUVs, and (d) POPC-protected gold nano-
rods. All spectra were acquired in D,0.

beyond detection. Integration of the y-methyl and the
Cy6-methyl signal demonstrates that all the protons of
the entire CTAB molecule were observed, and that this
selective loss of protons near the surface from the NMR
spectrum is not occurring. If one assumes a bilayer
structure, the observation of a single set of resonances
(especially for the headgroup protons) requires that
there be rapid exchange of CTAB between the inner
and outer portion of this bilayer structure on the NMR
time scale resulting in an average chemical shift. This re-
quired averaging has not been discussed in previous
NMR studies of CTAB-coated nanoparticles.>* Interest-
ingly, recent molecular dynamics simulations of cetyltri-
methylammonium (CTA*)-capped Ag nanoparticles re-
vealed a bilayer structure with a high degree of
curvature of chain disorder, and that the CTA* mol-
ecules were not fixed, but readily exchanged between
different portions of the bilayer structure.®®

The "H NMR chemical shifts for the POPC and the
POPC—gold nanorod composite are almost identical
and show very little variation due to the interaction be-
tween the PC and the nanorod. The initial line widths
of the POPC SUV range between 10 and 95 Hz and are
consistent with the 34 nm radius determined from light
scattering. In the POPC—gold nanorod sample, the 'H
NMR line widths increase consistent with adsorption to
the Au nanorod (see Table 1). The large line width in-
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Figure 3. "H NMR spectra of the CTAB-protected gold nanorods dur-
ing the titration with POPC SUV solution.

AN

crease, especially for the broad component of the
v-methyl resonance, may obscure subtle chemical shift
changes. Inspection of Figure 3d reveals no distinct re-
sidual CTAB—gold nanorod resonances in the
POPC—gold nanorod sample. While many of the 'H
NMR resonances overlap in the CTAB and POPC spec-
tra, the y-methyl resonance for CTAB associated with
the gold surface (8 = 3.11 ppm) should be clearly dis-
tinguishable. In addition, a resonance for y-methyl in
unbound CTAB within a micelle structure (with a 10 Hz
line width) was not observed. The last observation is not
unexpected as this sample was centrifuged after the ad-
dition of excess POPC to remove any unbound CTAB
and POPC species. Figure 3d also reveals an overlap-
ping broad and narrow spectral component, most nota-
bly in the y-methyl resonance and the main-chain CH,
resonance. These overlapping resonances have been
deconvoluted and reveal ~71—74% of the broad com-
ponent (Table 1). It is known that for POPC the evolu-
tion of SUV to large unilamellar vesicles (LUV) or multi-
lamellar vesicles (MLV) produces a dramatic increase in
the 'H NMR line width ultimately leading to broad and
unresolved solution "H NMR spectra. This change in the
vesicle size is also supported by the disappearance of
the glycerol backbone signal (gs, g2, and g3) due to in-
creasing residual dipolar coupling with increasing
vesicle size. The 'H NMR spectra of the CTAB—gold
nanorod mixture immediately following addition of ex-
cess POPC revealed only resonances with narrow line
widths (spectrum not shown). Following centrifugation,
the observation of a broad spectral component in the
"H NMR spectrum shows that the structure of the POPC
associated with the gold nanorods has changed and is
no longer a simple SUV. In addition, this 1000-fold ex-
cess of POPC SUVs appears to have removed a large
fraction of the CTAB from the nanorod surface since the
CTAB y-methyl protons are no longer observed in the
POPC—gold nanorod spectra.

>\: VOL.3 = NO.4 = ORENDORFF ET AL.

Additional insight into the interaction of POPC with
the CTAB/nanorod composite can be obtained by fol-
lowing the "H NMR spectra during the titration of POPC
at low concentrations. Figure 3 shows an expansion of
the y-methyl region during this process. Initially, only
the y-methyl resonance of the Au surface-bound CTAB
is observed at ~3.1 ppm. Titrating the POPC concentra-
tion to 20 wM produces a new resonance at ~3.26
ppm resulting from the y-methyl protons of POPC. By
integration of these two resonances, the initial concen-
tration of the CTAB on the nanorods is calculated to
be ~30 wM, consistent with the 40 wM CTAB concen-
tration estimation based on particle size and surface
coverage. With the initial 20 wM POPC, there is a ~35%
reduction in the intensity of the y-methyl proton sig-
nal for the surface-bound CTAB. Titration to 60 uM
POPC further reduces the y-methyl of the surface-
bound CTAB signal down to 35% of the initial inten-
sity, with a corresponding increase in the in the
v-methyl signal arising from the POPC. It should be
noted that using 60 wM (8-fold molar excess) POPC
does not completely remove the surface-bound CTAB
(~35% residual CTAB remaining). However, as shown in
Figure 2d, using 1000-fold molar excess, POPC does re-
move most of the residual CTAB from the gold nanorod
surface, noted by the complete disappearance of the
CTAB y-methyl protons in the POPC—gold nanorod
spectrum (approximately <<10% residual CTAB).

Detailed kinetic and equilibrium studies of this ex-
change were not pursued in the current investigation,
and for the preparation of the POPC-coated nanorods,
an excess of POPC was always utilized. However, incu-
bation of this titrated POPC/CTAB/nanorod sample (Fig-
ure 3d) for 12 h at 47 °C did not produce any addi-
tional spectral changes, arguing that a slow kinetic
release of CTAB from the surface during this time frame
was not occurring. Moreover, equilibrium constants for
the CTAB/POPC exchange process can be estimated us-
ing the integrated concentrations of CTAB and POPC
measured in the NMR titration. For the 60 uM POPC ad-
dition, assuming random exchange in both the inner
and outer bilayer leaflet, K = 0.5. Assuming there is
thermodynamic preference for headgroup interaction
at the gold nanorod surface (lower free energy) and ran-
dom exchange for the outer leaflet only, then the equi-
librium constant for the inner leaflet is K = 0.3. These
two scenarios suggest the equilibrium is slightly in fa-
vor of the CTAB—gold nanorod interaction at 60 .M
POPC, which is consistent with the observation of 35%
residual CTAB (Figure 3d). However, when 10 mM POPC
is used to exchange with CTAB, the equilibrium is
largely in favor of POPC displacing CTAB, consistent
with the observation of <10% residual CTAB (Figure
2d). These NMR results clearly demonstrate that the
nanorod surface-bound CTAB is displaced by the addi-
tion of POPC.
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Figure 4. FT-IR spectra of (a) CTAB, (b) CTAB—gold nano-
rods, (c) POPC, and (d) POPC—gold nanorods.

During the POPC titration, no clear spectral signa-
ture of free CTAB being release into solution was ob-
served. The titration samples were not centrifuged or
separated between POPC additions, such that the CTAB
molecules are still present in the mixture. The reso-
nance for CTAB within a micelle structure would ap-
pear at ~3.16 ppm (Table 1) as a shoulder to the
v-methyl resonance of POPC with a line width of ~10
Hz but was not observed. On the other hand, the nomi-
nal concentration of released CTAB in this titration ex-
periment (~30 wM) is well below the CMC of CTAB (900
M) and therefore could exist as a free molecular spe-
cies. It is known that '"H NMR chemical shift of the CTAB
v-methyl headgroup changes dramatically below the
CMC. For CTAB concentrations in solution between 10
and 20 M, the chemical shift would be between 3.24
and 3.27 ppm.*® This would place the free CTAB signal
directly under the POPC y-headgroup signal and would
be unobservable. Similarly, mixing of CTAB micelles
with POPC SUV results in an increased frequency shift
of the CTAB y-methyl signal from ~3.16 to ~3.2, such
that the free CTAB resonance may be obscured by the
POPC. As stated above, POPC—gold nanorods were pre-
pared using 1000-fold excess of POPC vesicles for all
other experiments in an effort to displace the maximum
amount of CTAB from the nanorod surface.

As a compliment to the 'H NMR data, FT-IR spectra
were acquired for CTAB— and POPC—gold nanorod
composites. Figure 4 shows FT-IR spectra of neat (solid)
CTAB, CTAB—gold nanorods, neat (solid) POPC, and

Www.acsnano.org

TABLE 2. Peak Frequencies and Assignments for CTAB,
CTAB—Gold Nanorods, POPC, and POPC—Gold Nanorods

peak frequency (cm~")

(TAB CTAB—Au NRs® POPC POPC—Au NRs* assignment’
2950 2944sh 2957 2964 v,(CH;)

2917 2917 2922 2918 v,(CHy)

2869 2870 2873 2874 v(CH;)

2850 2851 2852 2848 vy(CH,)

—d — 1739 1743 v((=0)

1486 — 1492she 1497 3,(N"—(CH;);)
1473 1481 1482 1491 3,(N* —(CHs);)
1461 1463 1467 1468 S(CH,) scissor
1394 — — — S4(NT —(CHs)3)
— 1381 1378 1379 &,(C—(CH3)3)
— — 1253 1264 v,(P0,7)

— — 175 1186 ,((—0—0)
— — 1092 1104 v,(P0,")

— — 1071 1075 v((—=0—0)
962 962 968 970 v,((N* —(CH3);)
910 910 923 925 vy((NT —(CH;)3)

“Assignments made from refs 41—46; v = stretch; & = bend or scissor.
SCTAB— gold nanorods. ‘POPC—gold nanorods. “Not observed “Shoulder. ‘The
84(C—(CHs);) mode for CTAB—gold nanorods is buried in the streaked baseline.

POPC—gold nanorods. The peak frequency assign-
ments are given in Table 2.41746 While there are overlap-
ping vibrational modes in the IR spectra of CTAB and
POPC making it more difficult to qualitatively follow the
exchange process than in 'TH NMR, there are a number
of distinct spectral differences in the fingerprint region
(1000—1800 cm™"). For POPC—gold nanorods, carbonyl
v(C=0) (1743 cm™"); phosphate v,(PO,") (1264 cm™"),
vs(PO,7) (1104 cm™); and ester modes v,(C—0—C)
(1186 cm ™), v(C—0—C) (1075 cm ") are readily ob-
servable (Figure 4d). The presence of these modes sug-
gests POPC modification of the gold nanorod surface
and is in good agreement with the 'H NMR results. Qua-
ternary ammonium vg(CN* —(CHs);) (~910 cm™') and
V,(CNT—(CHs)3) (~970 cm™') modes are observed for
both CTAB— and POPC—gold nanorods (Figure 4b,d).
Both spectra in Figure 4b,d were acquired using the
same nanorod sample, before and after POPC modifica-
tion, just as in the NMR experiments. The IR data sug-
gest that POPC dominates the interaction with the gold
nanorods just as was observed with the NMR measure-
ments when prepared with a large excess POPC. Any re-
sidual CTAB adsorbed to the nanorod surface or incor-
porated into the POPC bilayer is masked by overlapping
POPC vibrational modes or is present at immeasurable
quantities by FT-IR.

The frequencies and relative intensities of the head-
group vibrational modes for CTAB and choline lipids
analogous to POPC are known to be indicators of struc-
ture and environment, especially in micelles, vesicles,
or supported bilayers.**~4® For CTAB—gold nanorods,
the asymmetric quaternary ammonium N—C bending
mode, §,(N*—(CHs);), is observed at 1481 cm™'; how-
ever, the asymmetric N—C bend, 8(N* —(CHj)3) (~1395
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cm™), is too weak to be observed in the streaked base-
line from ~1400 to 1700 cm ™' due to residual mois-
ture in these samples prepared from aqueous solution.
The observation of the N—C bending modes suggests
that the quaternary ammonium headgroup of CTAB is
strongly associated with the gold nanorod surface.*>4748
Moreover, the suppression of the asymmetric C—N—C
stretch relative to the symmetric C—N—C stretch,
V5(CN* —(CH3)3) (962 cm™") and v5(CN™ —(CH3)s) (910
cm™ "), in CTAB—gold nanorods is also consistent with
surface-bound quaternary ammonium groups.”® These
observations are in good agreement with the '"H NMR
data that show a chemical shift in the y-methyl protons
when CTAB interacts with the gold nanorod surface
(Table 1). For POPC—gold nanorods, the 8,(N*—(CHs)s)
is observed at 1491 cm™', which indicates interaction
between the choline headgroup and the gold nanorod
surface.”® In addition, the decrease in intensity of the
8(CH,) scissor mode at 1468 cm ™ relative to the
3a(N*T—(CH3)3) mode at 1491 cm ™! indicates a well-
ordered liquid crystalline lipid bilayer analogous to ob-
servations for DMPC and DPPC.*#8 The red shift ob-
served in v,(PO,™) and v4(PO, ™) frequencies from 1253
and 1092 cm™, respectively, in bulk POPC to 1264 and
1104 cm ™' in POPC—gold nanorods suggests electro-
static interactions between negatively charged phos-
phate and positively charged quaternary ammonium
moieties of adjacent lipid headgroups, analogous to ob-
servations made for supported DMPC bilayers on tita-
nia surfaces.**8 Moreover, the observation of the
v(CN* —(CHs)3) mode at 925 cm ™ for POPC—gold nano-
rods suggests that the quaternary ammonium head-
group is in a trans conformation (N—C—C—0), facilitat-
ing electrostatic interactions between adjacent lipid
molecules.® In contrast, the vs(CN*—(CHs);) mode for
CTAB—gold nanorods is observed at 910 cm ™', suggest-
ing a gauche conformation of the headgroup
(N—C—C—CQ) at the gold surface giving rise to perhaps
a less well-packed or more fluxional stabilizing surfac-
tant bilayer than the POPC lipid bilayer.* In general, the
IR spectrum for POPC—gold nanorods suggests that
POPC is strongly associated with the nanorod surface
and exists in a bilayer-type structure, which is in good
agreement with the "H NMR results also consistent with
previous FT-IR characterization of DMPC and DPPC sup-
ported lipid bilayers.

Changing the surface species on gold nanorods
from CTAB to POPC has a significant impact on surface
functionality. This impact is reflected in {-potential mea-
surements that have been obtained on both types of
nanorods to measure surface charge as a function of so-
lution pH. As expected for surface termination by a qua-
ternary amine, the {-potential of CTAB-coated nano-
rods is large, positive (+39 mV), and independent of
pH. While POPC-coated nanorods exhibit a comparable
surface charge at low pH (with a {-potential of +30
mV), the surface charge decreases with pH to a steady
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Figure 5. Plot of {-potential as a function of pH for zwitter-
ionic POPC—gold nanorods. Error bars represent one stan-
dard deviation.

state value of around 10 mV for pH 7 and above. This
pH-dependent surface charge is associated with the
deprotonation of the phosphate group that lies below
the quaternary ammonium group in POPC. In solution,
this phosphate group is reported to have a pK, of
around 1.°°°" With this pK,, total deprotonation of the
phosphate group would be expected to occur at pH val-
ues above pH 3, creating a neutral zwitterion (i.e., a
phosphate anion adjacent to the quaternary ammo-
nium cation).>>>! Neutralization of the surface charge
should minimize electrostatic repulsion between nano-
rods, allowing them to aggregate. Relative to POPC dis-
solved in solution, the {-potential versus pH curve on
our gold nanorods is broader, shifted to higher pH, and
contains residual positive charge even at high pH (Fig-
ure 5). The broadening in the pH response and the shift
to higher apparent pK, values are often seen in poly-
electrolytes (PEs) and self-assembled monolayers on
surfaces (gold, silicon, etc.) and have been attributed
to chain—chain and chain—substrate interactions.>*>~>>
We believe that the slight residual positive charge in
the POPC-coated rods is associated with the retention
of residual CTAB within the POPC layer. Previous stud-
ies have shown that, when POPC vesicles are exposed
to CTAB, the CTAB can insert into the POPC, resulting in
a positive {-potential that saturates at a CTAB concen-
tration in the POPC of around 4 mol %.°¢ While we can-
not determine the exact CTAB concentration from the
{-potential value, our NMR and FT-IR results combined
with the {-potential results suggest that the residual
concentration is somewhere between 4 and 10 mol %.
Lipid—Gold Nanorod Self-Assembly. It is interesting to
consider what effect the pH-dependent surface charge
of POPC—gold nanorods has on nanorod self-assembly.
The expectation is that repulsive forces between cat-
ionic CTAB nanorods would keep them isolated. The
same would be expected for POPC—gold nanorods at
low pH. However, at higher pH, repulsive cationic forces
are diminished and one would expect some degree of
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Figure 6. Absorption spectra of CTAB—gold nanorods (blue
trace) and POPC—gold nanorods (red trace) in H,0.

self-assembly with a preference for side-to-side assem-
bly in order to maximize van der Waals interactions.
Figure 6 shows the absorption spectra of CTAB—
and POPC—gold nanorods at pH 7 in H,O. In this range
from 400 to 900 nm, only the transverse plasmon ab-
sorption band is observed (the longitudinal plasmon
absorption for aspect ratio 18 gold nanorods is ~1800
nm).2* For CTAB—gold nanorods, the transverse plas-
mon absorption is observed at 503 nm, while the ab-
sorption maximum for POPC—gold nanorods is ob-
served at 517 nm and has a broad, red-shifted
asymmetric shape. Red-shifting transverse plasmon ab-
sorption can result from a number of physical
changes to nanorods including increasing nan-
orod diameter,”’ increasing local refractive in-
dex,*® or nanorod plasmon coupling through
nanorod—nanorod interactions.”® Since the nano-
rod size does not change and the refractive in-
dex of POPC is assumed to be comparable to
CTAB, then the shift and broadening of the
transverse plasmon band in POPC—gold nano-
rods could be attributed to plasmon coupling
between nanorods. This suggests that
POPC—gold nanorods are self-assembled side-
to-side in solution, causing plasmon coupling
and a red shift in the transverse absorption.
Figure 7a—d shows representative TEM im-
ages of CTAB-protected gold nanorods (Figure
7a,b) and POPC—gold nanorods (Figure 7c,d). In
the CTAB—gold nanorod images, nanorods are
well-dispersed and assemble onto the TEM grid
in a disordered pattern with a statistical prefer-
ence for end-to-end and end-to-side interac-
tions over side-to-side. The occurrence of each
interaction was counted for a total sample size
of >500 nanorods and plotted in Figure 8. The
diminished occurrence of side-to-side interac-
tions is likely due to electrostatic repulsion be-
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nanorods. Given the high radius of curvature at the
nanorod end, it is possible that the distal portion of
CTAB molecules are spaced further apart at the nano-
rod ends than at the sides or may even exist as
monolayers, leading to less electrostatic charge
and repulsion at the nanorod ends compared to
the sides. While it is difficult to experimentally prove
that the {-potential at the end of a CTAB—gold nano-
rod is different than at the side, it is well-known
that there are significant differences between the
ends and side of CTAB—gold nanorods in terms of
their crystallography,®® assembly,>* and chemical
reactivity.>6' TEM samples prepared from these 1 X
10'° particles/mL concentration nanorod solutions
do not assemble into well-defined structures, but
liquid crystalline nanorod assemblies can be pre-
pared using CTAB nanorods at higher concentra-
tions, the addition of electrolyte, or by control of sol-
vent evaporation during sample preparation.'?~ 1462
POPC nanorods assemble into side-to-side 2D struc-
tures with short-range order, as shown in Figures 6 and
7. By replacing the CTAB surface group with a POPC
lipid, the {-potential of the composite decreases from
+39.4 + 2.8 mV (CTAB) to +11.1 = 1.6 mV (POPC) at pH
7. This significant decrease in {-potential decreases
electrostatic repulsion between nanorods. Moreover,
the presence of both cationic and anionic functionality
at the headgroup of POPC could result in charge pairing
between adjacent nanorods to direct the observed
side-to-side assembly. It should be noted that CTAB—

A \

L. ve TEM images of (a and b) as-prepared CTAB—gold nano-
tween strongly cationic (+39.4 = 28 mV) CTAB 54 and (c and d) POPC—gold nanorods at pH 7.0. Scale bar represents 100 nm.
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Figure 8. Number of occurrences of nanorod—nanorod interactions in
a ~400 nanorod sample population including end-to-end, end-to-
side, and side-to-side for CTAB—gold nanorods (red), POPC—gold na-
norods at pH 7.0 (blue), and POPC—gold nanorods at pH 2.4 (black).

and POPC—gold nanorod TEM samples were prepared
by both solvent evaporation and emersion from bulk
solution techniques. The results from both preparations
were identical, suggesting that the assembly of
POPC—gold nanorods was not a solvent evaporation
or grid preparation effect, but rather a function of the
composite surface chemistry.

As shown in Figure 5, the {-potential of POPC—gold
nanorods was pH-dependent. Then, there is an expec-
tation that POPC—gold nanorod assembly could also be
pH-dependent if, in fact, electrostatic interactions con-
tribute to their self-assembly. Figure 9 shows TEM im-
ages of POPC—gold nanorods at pH 7.0 and 2.4. In this
representative image at pH 2.4, there were significantly
fewer nanorods self-assembled side-to-side than at pH
7.0 with a large fraction of isolated nanorods. In fact, the
occurrence of these interactions for the POPC—gold
nanorod sample at pH 2.4 was recorded and shown in
Figure 8. As the solution pH decreases from 7.0 to 2.4,
the {-potential of the POPC composite increases from
+11.1 £ 1.6 to +23.7 = 1.8 mV, increasing electrostatic
repulsion between POPC—gold nanorods. The result

Figure 9. Representative TEM images of POPC—gold nanorods at (a) pH 7.0 and (b)
pH 2.4. Scale bar represents 100 nm.
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was that we observed nanorod disassembly at low pH
compared to at pH 7.0 (Figure 9). This not only provides
evidence to support the argument that electrostatic in-
teractions govern nanorod assembly but also gives in-
sight into how these lipid nanorod composites could be
reconfigured or their assembly/disassembly may be
cycled by tuning environmental parameters, such as pH.

DISCUSSION

While individual gold nanorods exhibit interesting
electrical and optical properties, these nanoparticles
also represent important building blocks for nanocom-
posites due to their anisotropic shapes. Previous re-
search has shown that a wide range of architectures
can be assembled from nanorods depending on the
size and shape of the rods as well as deposition condi-
tions. Such structures include “one dimensional” end-
to-end chains, rings, and open end-to-end networks at
one extreme to densely packed side-to-side liquid crys-
talline arrays at the other extreme.2~ 60762 However, to
date, most structural variations have been achieved via
physical means (e.g., particle shape, solution concentra-
tion, or the application of pressure in Langmuir trough
arrays). We are interested in exploring the extent to
which such variations can be achieved and even pro-
grammed via chemical means (e.g., surface functional-
ization). The phospholipids represent a rich class of po-
tential capping agents that allow for extensive
variations in the size, shape, and headgroup chemistry
for terminating gold surfaces. Not only can the phos-
pholipids control how nanorods interact with each
other but also they can decorate nanorod surfaces
with functional groups that can be used to couple
to other elements in multifunctional composites or
environmental species (e.g., for sensors). This paper
represents the first demonstration that phospholip-
ids can be incorporated onto the surfaces of gold na-
norods and that such incorporation mediates assem-
bly phenomena.

Some of the key issues associated with the function-
alization of nanorods and the impact of that functional-
ization on assembly are highlighted by examining the
details of what is known regarding (1) the struc-
ture and properties of the “native” capping
agent CTAB, (2) how the capping agent might
be modified and/or replaced by phospholipids,
and (3) what structures and properties might be
expected once the modification or replacement
has taken place. First, while CTAB is a simple sur-
factant with a hydrocarbon tail and a tetrameth-
ylammonium ion headgroup, previous studies
of CTAB on gold suggest that the CTAB actually
forms a bilayer or even multilayer structures on
the nanorod surfaces (Figure 10). In such struc-
tures, it is postulated that the layer at the imme-
diate surface has the methylamine group adja-
cent to the gold, with the hydrocarbon tail
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projecting away from the surface. As in lipid
bilayers, the second layer is inverted with the
hydrocarbon tails contacting the tails in the
first layer, allowing the water/particle inter-
face to be terminated with the hydrophilic
trimethylammonium group. The typical inter-
particle spacing of 9.0 nm in close-packed ar-
rays of CTAB-coated nanorods relative to
the extended CTAB chain length of 2.2 nm is
consistent with contact between two such
lipid bilayer structures. However, in some in-
stances, packing can induce closer approach
distances (3.4 nm), suggesting that, once all
water is expelled between the particles, two
adjacent bilayers can coalesce into a single
bilayer in which the hydrocarbon chains on
one particle are interleaved with those on the
adjacent particle (Figure 10).

A further complication is associated with
how CTAB capping agents behave at the
ends of the nanorods. It is known that the
chemical and physical properties of nanorod
ends can be substantially different than
those of the sides.?®' For the specific case of CTAB, this
and previous studies have shown that, while particle
sides do not stick to each other due to electrostatic re-
pulsion associated with the trimethylammonium
groups, the ends of the rods can actually be quite sticky
(Figures 7 and 8). The lack of repulsion on chain ends fa-
vors the end-to-end and end-to-side agglomerate struc-
tures reported here and elsewhere.5' The lack of repul-
sion on chain ends can be rationalized by a model in
which the high radius of curvature on rod ends leads
to a spreading of the chains and a more fluxional,
loosely packed structure.®5® It is postulated that this
more open structure not only has a lower charge den-
sity but also is sufficiently fluxional to promote the loss
of a sufficient number of CTAB molecules to promote
the formation of the interdigitated bilayer shown in Fig-
ure 10 upon interparticle contact. This propensity for
end-to-end interaction is further supported by the fact
that centrifuging CTAB—gold nanorods at high speeds
or for extended periods of time causes nanorods to fuse
together either end-to end or end-to side (Supporting
Information Figure 1S).

Fluxionality and molecular exchange are undoubt-
edly important not only to the behavior of the CTAB
capping agent but also for the exchange of CTAB by
phospholipids and other surfactants. As shown in Fig-
ure 11, there could be multiple responses when a CTAB-
coated nanorod is exposed to a phospholipid-
containing solution: (1) there could be no exchange,
provided that CTAB has a much higher affinity for the
gold than the phospholipids; (2) there could be a par-

~NAQ =CTAB

Figure 10. Cartoon showing a mechanism for the end-to-end interaction between two
CTAB—gold nanorods.

and (3) there could be a complete and total exchange,
resulting in a capping layer consisting of a pure phos-
pholipid. Our NMR, IR, and {-potential results indicate
that exchange is essentially complete when a large ex-
cess of phospholipid is present, but some residual CTAB
(~4 mol %) remains incorporated in the POPC bilayer.
Equilibrium constants estimated for the CTAB/POPC ex-
change process show that both molecules have a com-
parable affinity for adsorption onto gold due to the tri-
methylammonium terminal group that is shared by
both molecules. We suspect that exchange of CTAB by
a wide range of phospholipid groups should be pos-
sible under mild exchange conditions (e.g., solution ex-

e

No exchange Exchange of

outter leaflet

@ =CTAB w' = POPC

Partial exchange
w/ mixed CTAB

Complete exchange

Figure 11. lllustration of the possible results for the addition of POPC
vesicles with CTAB—gold nanorods showing no exchange, exchange
of the upper leaflet, partial exchange forming a mixed CTAB/POPC
bilayer, and complete exchange.
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tial exchange of CTAB by phospholipids, with one po-
tential end state being a bilayer structure with an inner
leaflet of CTAB and an outer leaflet of phospholipids;
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CTAB-gold nanorods

POPC-gold nanorods

Figure 12. Cartoon showing the possible differences be-
tween CTAB and POPC bilayers on gold nanorods, notably
at highly curved nanorod ends.

change in an excess of phospholipids at room temper-
ature).

Although the phospholipids can cap gold nanopar-
ticles, the agglomeration properties of the capped par-
ticles suggest that POPC layers are not only chemically
different that CTAB but are structurally different, as well.
The chemical differences associated with having an ion-
izable phosphate group in addition to the terminal tri-
methylamine group are clearly apparent in both
{-potential measurements and the transmission elec-
tron micrographs of agglomerate structures. As might
be expected, deprotonation of the phosphate group at
higher pH values transforms the terminal group from a
cationic site into a near-neutral zwitterion, largely elimi-
nating electrostatic repulsion between the particles
and allowing side-to-side agglomerates to form. The
physical differences between CTAB and POPC are ap-
parent in the low pH regime in which both capping lay-
ers have comparable surface charges. In contrast to
CTAB, which has a tendency to favor end-to-end and
end-to-side agglomeration, POPC at high pH inhibits all
agglomeration, favoring the formation of isolated nano-
rods (Figure 8). This observation suggests that POPC is
an effective capping agent on the ends as well as the
sides of the rods. This is illustrated in Figure 12, where
we believe that the lipid bilayer structure is preserved
on the nanorod ends, in contrast to the unstable or par-
tially missing bilayers inferred for CTAB. The enhanced
stability of POPC bilayers in the high curvature regime
in rod ends may be associated with the presence of a
more bulky headgroup or due to stabilization associ-
ated with having two hydrocarbon tails instead of just
one (like a “chelate effect”). POPC bilayer stability is sup-
ported by the strong intermolecular interactions be-

EXPERIMENTAL SECTION

Materials. Chloroauric acid was purchased from Alfa Aesar.
Sodium borohydride, ascorbic acid, and chloroform were pur-
chased from Aldrich. Cetyltrimethylammonium bromide
(CTAB) was purchased from Sigma. L-a-Phosphatidylcholine
(egg yolk, egg-PC) and 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) were purchased from Avanti Polar
Lipids. As both lipid samples contained essentially the same
phospholipid, with egg-PC containing a small fraction of
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tween POPC molecules of the bilayer and interactions
between the POPC headgroup with the gold nanorod
surface observed in the FT-IR spectra (Figure 4). Future
studies with a wide range of different phospholipids will
be required to sort out the relative importance of head-
group and tail geometries on behavior. However, we
anticipate that, for mixed phospholipids systems, bulky
headgroups will have a preference for rod ends, open-
ing up the possibility of creating “Janus” particles in
which the end and sides of the nanorods can be deco-
rated with different functional groups.

CONCLUSIONS

POPC—gold nanorod composites were prepared by
immobilizing liposomes onto the surface of CTAB-
protected gold nanorods. The synthesis of lipid—gold
nanorod composites was confirmed by '"H NMR and
FT-IR spectroscopies, showing a strong association be-
tween the lipid and the gold nanorod surface and no
detectable residual CTAB surfactant in the lipid nano-
rod composite samples. While these data indicate that
CTAB has been displaced from the nanorod surface, ad-
ditional experiments to measure the kinetics and bind-
ing strength during the surfactant—lipid exchange re-
action are currently underway in an effort to better
understand this process. POPC—gold nanorod compos-
ites have zwitterionic functionality making their
{-potential pH-dependent and ~30 mV less positive
than as-prepared CTAB—gold nanorods at pH 7.0. Elec-
trostatic repulsion between cationic CTAB—gold nano-
rods directs their assembly into disordered arrange-
ments favoring end-to-end or end-to-side interactions.
POPC—gold nanorod composites self-assemble side-to-
side with short-range order at pH 7.0, and these struc-
tures can disassemble as their surface {-potential be-
comes more cationic and repulsive with decreasing pH.
This work describes a procedure for modifying the sur-
face of gold nanorods with phospholipids. This process
expands the range of different functional groups that
can be used to modify nanorods from the intercalation
of single components to the incorporation of mixed bi-
layers. Moreover, phospholipids can be selected to in-
clude phase separation to the ends versus the sides of
the nanorods based on lipid shape. This combined work
will be focused toward driving research toward switch-
able or reconfigurable surfaces and materials.

multiunsaturated chains, other PC lipids, isomers, and impu-
rities, and both yielded nearly identical results in the experi-
ments, we will simply refer to them as POPC. Aqueous solu-
tions used for lipid vesicles were prepared from water
purified through a Barnstead type D4700 NANOpure Analyti-
cal Deionization System with ORGANICfree cartridge register-
ing an 18.0 M) - cm resistance. Deionized ultrafiltered (DIUF)
water used for all other experiments was purchased from
Fisher Scientific.
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Gold Nanorod Preparation. Aspect ratio 18 gold nanorods (307
+ 61 nmin length and 17 = 2 nm in width) were prepared
from a seed-mediated approach described by Jana et al.??*
CTAB-protected gold seed particles were prepared by the chemi-
cal reduction of a 2.5 X 10~* M HAuCl, solution in 0.1 M CTAB
by the addition 0.6 mL of ice-cold 0.01 M NaBH, while stirring
rapidly for 2 min. Gold nanorods were prepared using a three-
step growth procedure. “Growth” solution was prepared in three
vessels labeled A, B, and C by adding 9 mL of 2.5 X 107* M
HAuCl, in 0.1 M CTAB to A and B and 90 mL of the same solu-
tion to C. To the growth solution was added 50 L of 0.1 M ascor-
bic acid to A and B, and 0.5 mL of 0.1 M ascorbic acid was added
to C to reduce Au** to Au'*. Further reduction of Au'* to Au®
was achieved by addition 1 mL of as-prepared CTAB-protected
gold seeds to A. After 15 s, 1 mL of A was added to growth solu-
tion B. After 30 s, all of the growth solution B was added to C. So-
lution C was aged for >12 h, after which it contained a mixture
of gold nanorods and nanospheres. Nanorods were removed
from other shapes by gently warming the solution to redissolve
precipitated CTAB and decanting off the solution containing un-
desired shapes and redispersing CTAB nanorods in ~5 mL of
deionized water. The resulting solution contained approximately
10'° nanorods/mL determined by absorption spectroscopy us-
ing a molar extinction coefficient of 1 X 10° M~ cm™" for the
transverse plasmon band.?®

Liposome Preparation. Dried POPC lipid films were prepared by
evaporating 5.0 mL of a 20 mM chloroform solution of lipid onto
the sides of a conical vial using a rotary evaporator. The dried
films were then further dried under high vacuum overnight to re-
move traces of the organic solvent. The film was then hydrated
in either 5.0 mL of MOPS buffer solution (0.02 M 4-morpholino-
propanesulfonic acid and 0.1 M NaCl adjusted to pH 7.4 with
aqueous 10% NaOH solution) or in pure water at 40 °C for 1 h.
Periodic vortexing of the sample suspended the lipid films into
solution, which was then degassed with N, gas for several min-
utes followed by sonication with a 3 mm probe tip at ~10 W
power under N, gas. Sonication was performed in 4 min cycles
with 4 min resting and cooling between each cycle for a total of
32 min at room temperature. The translucent solution was then
centrifuged for 20 min at 16 000g, and the supernatant was fil-
tered through a 0.22 wm filter and then diluted to a volume of 10
mL to yield a nominal lipid concentration of 10 mM. Resulting
POPC small unilamelar vesicles (SUVs) have an average hydrody-
namic radius of 34 nm with a polydispersity of 22 nm deter-
mined by dynamic light scattering.

Lipid Nanorod Preparation. Lipid nanorod composites were pre-
pared by centrifuging 15 mL of a 10'® nanorods/mL solution at
6000 rpm for 5 min, redispersing them in deionized water, fol-
lowed by a second centrifugation step at 5000 rpm for 8 min in
order to remove excess CTAB surfactant. The final nanorod pel-
let was resdispersed in 0.75 mL of deionized water. A 2 mL ali-
quot of 10 mM POPC SUVs was added to 0.75 mL of gold nano-
rods and homogenized with a pipet. After 12 h, POPC—gold
nanorods were centrifuged at 4000 rpm for 8 min and redis-
persed in deionized water in order to remove unbound or ex-
cess lipid from solution. For the NMR experiments, all nanorod
samples were centrifuged, separated, and then redispersed in
D,0.

Instrumentation. Zeta potential ({-potential) measurements
were made using a Malvern Zetasizer Nano ZS zeta potential/
light scattering instrument. Transmission electron microscopy
(TEM) images were acquired using a JEOL 2010 high-resolution
transmission electron microscope. TEM samples were prepared
by either immersing Formvar/carbon-coated copper grids into a
~0.2 mL nanoparticle solution drop for 20 min or dropping 5
wL of nanoparticle solution onto a grid and allowing it to dry un-
der ambient conditions. Absorption spectra used to quantify
the number of gold nanorods in solution were acquired using a
Cary 600i UV—vis—NIR spectrophotometer. The '"H NMR mea-
surements were obtained on a Bruker Avance600 instrument at
600.12 MHz using a 5 mm BB solution probe. Reflectance FT-IR
spectra were obtained using p-polarized light at an incident
angle of 85° with respect to the surface normal using a Harrick
Seagull variable reflection accessory (Harrick). All spectra are the
average of 3000 scans of both the sample and the reference.
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Spectra were acquired at 2 cm™' resolution and Blackman-
Harris apodization using a liquid N,-cooled MCT-D316 detector.
Spectra are reported as —log(R/R,), where R is the reflectance of
the sample and R, is the reflectance of the reference.
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