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Effective PEGylation of gold nanorodsf
F. Schulz,**® W. Friedrich,? K. Hoppe,® T. Vossmeyer,® H. Weller**< and H. Lange®®

Standard procedures to coat gold nanorods (AuNR) with poly(ethylene glycol) (PEG)-based ligands are
not reliable and high PEG-grafting densities are not achieved. In this work, the ligand exchange of AuNR
with PEGMUA, a tailored PEG-ligand bearing a Cyo alkylene spacer, is studied. PEGMUA provides AUNR
with very high stability against oxidative etching with cyanide. This etching reaction is utilized to study the
ligand exchange in detail. Ligand exchange is faster, less ligand consuming and more reproducible with
assisting chloroform extraction. Compared to PEG ligands commonly used, PEGMUA provides much
higher colloidal and chemical stability. Further analyses based on NMR-, IR- and UV/Vis-spectroscopy
reveal that significantly higher PEG-grafting densities, up to ~3 nm™2, are obtained with PEGMUA. This
demonstrates how the molecular structure of the PEG ligand can be used to dramatically improve the
ligand exchange and to synthesize PEGylated AuNR with high chemical and colloidal stability and high

Wwww.rsc.org/nanoscale

Introduction

To enable the wide use of gold nanorods (AuNR), the control
of their surface chemistry is fundamental."® However, the
ligand exchange of -cetyltrimethylammonium bromide
(C1oH42BIN, CTAB), the typical surfactant and stabilizer for
AuNR, is much more challenging than e.g. the exchange of
citrate on spherical gold nanoparticles (AuNP).”® This is a key
challenge in the development of safe nanomedicines and
AuNR-based probes for biological imaging because CTAB can
be cytotoxic.” CTAB forms a densely packed bilayer or admi-
celle at the AuNR surface that requires a sufficiently high con-
centration of unbound CTAB to stay intact and to provide
effective stabilization of the AuNR.'*™® Especially the surface
bound CTAB is difficult to remove and the surface chemistry is
complicated by significant amounts of silver on the AuNR
surface that is needed in their synthesis to promote aniso-
tropic growth.®'®'” Indrasekara et al. have recently reviewed
the current strategies for AuNR ligand exchange and empha-
sized the challenge of analyzing the AuNR surface chemistry.”
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PEG grafting densities. Such AuNR are especially interesting for applications in nanomedicine.

Problems during the ligand exchange of CTAB stabilized
AuNR, AuNR®@CTAB, include concentration losses due to
aggregation and incomplete exchange.®® Large amounts of
residual CTAB result in a higher toxicity of the AuNR but also
affect their stability.>®*' Polymers can be used as ligands to
stabilize the AuNR and among these, poly(ethylene glycol)-
(PEG-) thiols are probably the most important ones.®**> PEG-
ligands are well studied and established in nanomedicine.”***
They can provide biocompatibility and stability and are readily
available. Accordingly, many strategies have been studied that
aim for functionalization of AuNR with PEG,
PEGylation.”>*>*"*°  However, although stabilization and
reduced toxicity can be achieved, considerable amounts of
CTAB often remain on the AuNR surface, AuNR-stability
during ligand exchange and purification can be problematic
and just low or moderate grafting densities of PEG are
achieved.”®*° Recently, Hore et al. have used small angle
neutron scattering (SANS) experiments to show that quantities
as low as 5-10 PEG-thiols, corresponding to a grafting density
of 6 = 0.002 + 0.0005 chains per nm?, are bound to the AUNR
surface after a standard ligand exchange protocol, leaving the
CTAB-layer virtually unchanged."” A higher grafting density of
the PEG ligands would be highly desirable, not only for repla-
cing more CTAB and increasing steric stabilization, but also
because it is favorable in terms of immune response.**

It is established that an effective ligand exchange of
AuNR®@CTAB critically depends on the effective removal of
surface-bound and free CTAB.® ®'* In the context of PEGylation,
promising approaches include the use of additives,>*?
buffers®® or ethanol® to assist the CTAB removal. Beyond PEGy-
lation, chloroform®* and temperature®® assisted strategies were

This journal is © The Royal Society of Chemistry 2016
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reported. In all these strategies, sufficient stabilization of the
AuNR has to be ensured, e.g. by using stabilizers, 2-step pro-
cedures or sonication to prevent aggregation. Good results, even
with quantitative CTAB removal,** were obtained especially with
molecules that have a structure similar to CTAB, namely a long
alkyl chain, at the surface-binding group.”®***> We thus investi-
gated whether a structural similarity at the surface-binding
group can also be utilized for the PEGylation of AuNR.

The incorporation of a C;, alkylene spacer between the
thiol-group and the PEG-moiety can dramatically increase the
stability against oxidative etching with cyanide, as already
observed for spherical gold nanoparticles (AuNP).*° It is
hypothesized that C;o-spacer favor a high grafting density via
attractive hydrophobic interactions (in contrast to repulsive
interactions of the hydrophilic PEG chains in water) and form
an inner hydrophobic region in the ligand layer. This inner
hydrophobic region constitutes an effective barrier against
reactions at the particles’ surface. Competitive displacement of
PEG-ligands by small molecules, as e.g. present in plasma (as
cysteine) and leading to opsonization and phagocytosis can be
prevented by such a hydrophobic region as demonstrated by
Larson et al.*” These results show that rationally designing the
molecular structure of PEG-ligands can be an effective tool to
improve the stability and biocompatibility of nanomaterials. In
the case of AuNR, CTAB provides very little stabilization
against oxidative etching with cyanide (despite its postulated
bilayer structure with hydrophobic interior). On the contrary,
a-methoxypoly(ethylene  glycol)-w-(11-mercaptoundecanoate)
(PEGMUA), a PEG-ligand with C,,-spacer, provides excellent
stabilization in this respect as shown herein. Utilizing this
large difference in stability of CTAB-coated and PEGMUA-
coated AuNR against cyanide etching, the according ligand
exchange was studied in detail.

We compared the displacement of CTAB by PEGMUA in
water and the displacement in water assisted by extraction of
CTAB with chloroform. The latter strategy was proposed for the
first time by Takahashi et al. for the exchange of CTAB with
phosphatidylcholine.>” The authors found that CTAB in solu-
tion was efficiently removed by chloroform extraction and that
the amount of surface bound CTAB was reduced. To achieve a
high grafting density, very high stabilization and good
biocompatibility,>’° PEGMUA is an excellent candidate for
ligand exchange. Still, we show herein, that the ligand
exchange can be improved effectively when combined with
chloroform extraction. In additional experiments we compared
the performance of PEGMUA to that of a commercially avail-
able PEG-ligand PEGSH, which has the same molecular weight
as PEGMUA, but bears no alkylene spacer. PEGSH provided
much less stabilization against oxidative etching and less col-
loidal stability than PEGMUA. AT-FTIR-experiments strongly
suggest that, using the same concentration and procedure, sub-
stantially more PEGMUA than PEGSH is ultimately bound to
the AuNR. The grafting density of PEGMUA on AuNR was
assessed with quantitative NMR and found to be sufficiently
high to constitute a dense PEG-brush. Our experiments demon-
strate that the use of PEGMUA significantly promotes the ligand
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exchange reaction and enables highly efficient PEGylation. As a
result, PEGylated AuNR with high chemical and mechanical
stability and PEG grafting densities are obtained.

Experimental section

Materials

The AuNR syntheses, PEGMUA synthesis and subsequent
experiments were performed with the following chemicals:
ascorbic acid (99%, Sigma-Aldrich), cetyltrimethylammonium
bromide (CTAB, 99%, Sigma-Aldrich), hydrochloric acid (HCI,
37%, Merck), nitric acid (70%, Merck), potassium cyanide
(KCN, 96%, Sigma-Aldrich), silver nitrate (99%, Sigma-
Aldrich), sodium borohydride (98%, Fluka), sodium oleate
(97%, TCI), tetrachloroauric acid trihydrate (99%, Sigma-
Aldrich), 11-mercaptoundecanoic acid (95%, Sigma-Aldrich),
poly(ethylene glycol) monomethyl ether (M, ~ 2000 g mol™,
Sigma-Aldrich), a-methoxy-w-mercaptopoly(ethylene glycol)
(M, ~ 2000 ¢ mol™', Rapp Polymere GmbH, Tuebingen,
Germany), iodoform (99%, Sigma-Aldrich). Ultrapure water
(18.2 MQ cm, Millipore) was used for all procedures. Solvents
were used in p.a. grade. Chloroform-d; (CDCl;, 99.8% with
0.03% tetramethylsilane, TMS) and deuterium oxide (D,O,
99.9%) were from Deutero GmbH (Kastellaun, Germany).

UV/Vis-spectroscopy

Absorbance spectra were recorded using a Varian Cary 50, a
Perkin Elmer Lambda 25 or a Perkin Elmer Lambda 1050
spectrometer. UV-micro-cuvettes sealed with lids (Plasti-
brand®, Carl Roth GmbH, Karlsruhe Germany) were used for
all experiments. AuNR-concentrations were determined by the
method reported by Liz-Marzan’s group using the absorbance
at 400 nm."® The method is based on the idea that 0.5 mM
gold causes an absorbance of 1.2 at 400 nm, regardless of the
particles’ shape if they are not too big.

ATR-FTIR spectroscopy

FTIR-spectra were recorded with a Varian 660 FTIR spectro-
photometer equipped with a PIKE MIRacle™ ATR sampling
accessory. Spectra of PEGMUA, CTAB and MUA were recorded
from the pure solids pressed onto the crystal (diamond) with a
high pressure clamp. To record spectra of AuNR samples, 2-3 ul
of the according solution were pipetted directly onto the crystal.
After evaporation of the solvent (usually within 15-30 min)
spectra were recorded. Afterwards the crystal was thoroughly
cleaned with water and ethanol. 32 scans in absorbance mode
with 4 em™ resolution were recorded for each measurement.

"H-NMR spectroscopy

"H-NMR spectra were recorded using a Bruker AV2-400 NMR
spectrometer operated at 400.13 MHz and 298 K.

Mass spectrometry

MALDI-TOF/TOF-measurements were done with a Bruker
UltrafleXtreme mass spectrometer. 2,5-Dihydroxybenzoic acid
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(20 mg ml™ in 30% acetonitrile, 0.1% trifluoroacetic acid,
water) was used as a matrix for matrix assisted measurements.
Concentrated and purified AuNR-samples were drop-casted
onto a ground steel target for measurements and ionized by a
smartbeam-II laser.

Graphit furnace atom absorption spectrometry (GF-AAS)

GF-AAS measurements were performed with a ContrAA-700
AAS-spectrometer (Analytik Jena, Germany) at 242.795 nm (Au)
or 328.068 nm (Ag). The limit of detection (LOD) was 10 pg 17"
Measurements were performed in triplicates and the relative
standard deviation of the mean was 1-5%.

Transmission electron microscopy, TEM

TEM measurements for standard characterization of the AuNR
were performed using a Jeol JEM-1011 operating at 100 kV.
Samples were prepared by drop casting ~10 pl AuNR solution
onto carbon-coated copper grids. HR-STEM-EDX measure-
ments were performed using a JOEL JEM 2200 FS (UHR) with a
CESCOR and a CETCOR corrector and an JEOL JED-2300 T
EDX with 50 mm? Si(Li) detector at 200 kV.

AuNR@CTAB synthesis

AuNR were synthesized based on the seeded-growth method
developed by the Murray group using binary surfactant mix-
tures.”" It was essential for the success of the syntheses to
store sodium borohydride under nitrogen atmosphere. The
preparation was divided into a seed nucleation and a growth
step. All glass devices were carefully cleaned with aqua regia
[Caution! Aqua regia is hazardous. Handle with extreme care
and dispose of unused material using methods appropriate for
your workplace] and subsequently washed with ultrapure water
before use. The basic synthetic protocol was as follows. For the
growth solution, CTAB (7.00 g, 19.2 mmol) and sodium oleate
(1.234 g, 4.053 mmol) were dissolved in water (250 ml) at
50 °C. After the solution had cooled down to 30 °C, AgNO;
solution (18 ml, 4.0 mM) was added and the solution was kept
undisturbed at 30 °C for 30 min. Subsequently, Au®" solution
(250 ml 1.0 mM) was added and the orange-yellow mixture was
stirred until it was colorless for 90 min with 700 rpm at 30 °C.
In between, the seed solution was prepared. A CTAB solution
(5 ml, 0.2 M) was mixed with HAuCl, solution (5 ml, 0.5 mM)
in a 20 ml glass vial. The yellowish solution was stirred with
1200 rpm and freshly prepared sodium borohydride solution
(600 ul, 10 mM) filled up with water to 1.0 ml was quickly
injected. After 2 min of stirring the solution was aged for
30 min while it changed its color from blue-grey to amber. To
the now colorless growth solution HCI (2.1 ml 12 M) was
admixed while stirring with 400 rpm. The speed was increased
to 1200 rpm and ascorbic acid solution (1.25 ml, 64 mM) and
after 30 s of stirring seed solution (0.8 ml) were added. The
solution was stirred for another 30 s. Then the stirring was
stopped and the growth solution was aged for 14 hours while
it became brownish-pink. The AuNR were centrifuged for
30 min at 5000g and the supernatant replaced by water to yield
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Table 1 AuNR batches used in this study
AuNR Length Width Aspect
batch®  Variation [nm] [nm] ratio
1 — 86.7 +7.6 29.0+2.1 3.0+£0.4
2 — 85.7+£9.2 28.9+2.4 3.0+0.4
3 — 80.0 +12.8 26.1 +1.8 3.1+0.4
4 900 ul NaBH (10 mM) 75.4+7.4  214+16 3.6:04
5 200 rpm stirring® 80.1+6.1  25.7+1.7 3.1+0.4
6 No stirring® 82.5+8.0 26.3 +1.8 3.2+0.4
7 12.0 ml AgNO; 81.6+7.6 28.2+2.3 2.9+0.3

“During NaBH addition.

a final volume of 160-170 ml per batch. Variations of the basic
synthetic protocol are listed in Table 1.

PEGMUA synthesis

a-Methoxypoly(ethylene  glycol)-w-(11-mercaptoundecanoate)
(PEGMUA) was synthesized by esterification of poly(ethylene
glycol) monomethyl ether and 11-mercaptoundecanoic acid
and characterized as described previously.****

Ligand exchange with PEGMUA or PEGSH

Stock solutions of PEGMUA and PEGSH were 1 mM or 10 mM
in water. For ligand exchange the according volumes were
pipetted to AuNR solutions to the desired concentrations. In
concentration rows all samples were adjusted to the same final
volume, typically 1.000 ml, with water to ensure the same final
AuNR-concentration. During the reaction time the mixtures
were agitated by a magnetic stirrer or a lab shaker. For studies
of the ligand exchange the reaction mixtures were incubated in
centrifugal tubes, glass vials or directly in cuvettes. Large
batches were synthesized in glass bottles.

Etching experiments

Stock solutions of KCN were 1.00 M in water, they were stored
at —18 °C [KCN is hazardous. Handle with extreme care. All
solutions should be stored in clearly labeled and tightly sealed
containers. Dispose of unused material using methods appro-
priate for your workplace]. Because AuNR-solutions are typi-
cally acidic (pH ~ 3) it is important to ensure that the pH after
KCN addition is sufficiently high (>11) to avoid formation of
hydrogen cyanide (HCN, pK, = 9.2). If necessary, this can be
done e.g. by centrifugation of the AuNR and replacement of
the supernatant by water to remove residual HCl from the
AuNR synthesis and/or addition of base. KCN acts as a strong
base and in our experiments KCN concentrations were
sufficiently high to ensure a pH > 11. The etching reactions
were started in a fumehood by pipetting the according
volumes of KCN,q into the cuvette containing the AuNR solu-
tion. The cuvette was then tightly sealed with a lid and vigor-
ously shaken once. During the etching reactions the cuvettes
were not agitated and kept at room temperature. Absorbance
spectra were recorded at different reaction times of the etching
reaction.

This journal is © The Royal Society of Chemistry 2016
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Chloroform extraction without centrifugation

AUNR@CTAB (20 ml, 3.0 x 107> nM, batch 1) were mixed with
PEGMUA solution (50 pl, 10 mM, ¢;(PEGMUA) = 25 pM) in a
separation funnel. The solution was extracted fivefold with
chloroform (20 ml for each extraction). In the first separation
steps an emulsion or mixed phase formed. This can be
avoided by removing more CTAB before the extraction, e.g. by
centrifugation. After 2-3 extractions the phases separated
nicely. The AuNR concentration (3.0 x 107> nM) was not
changed by the extraction.

Chloroform extraction with centrifugation

AUNR@CTAB (10 or 20 ml, 2-3 x 107> nM, batch 1) were
reacted for ¢; = 22 h with PEGMUA at the desired concen-
tration. Then the mixtures were extracted fivefold with chloro-
form (10 ml for each extraction) using a separation funnel as
described above. After extraction the solutions were purified by
fourfold centrifugation (7000-9000g, 10-20 min) replacing the
supernatants with water. The concentrations were then
adjusted via the samples’ absorbance to 9.3 x 107> nM.

Comparison of AuUNR@PEGSH and AuUNR@PEGMUA

AuNR (batch 1) were prepared as described for chloroform
extraction with centrifugation. The AuNR were reacted with
50 uM PEG ligand before extraction (¢, = 22 h) and with
different concentrations of PEG ligand after extraction for ¢, =
2 h. For analysis AUNR@PEGSH were reacted with 5 mM KCN
and AuUNR@PEGMUA with 25 mM KCN and the etching reac-
tions monitored as described.

Centrifugation-based strategies for CTAB removal

Ethanol-assisted: after ¢; = 22 h reaction with PEGMUA at the
desired concentration (c;(PEGMUA) = 25 or 50 pM) the AuNR
(batch 1) were washed by fourfold centrifugation (7000g,
10-20 min) replacing the supernatants by ethanol. After three
or four washing steps the AuNR irreversibly adhered to the
container walls (material: polypropylene). In a reproduction
with different centrifuge tubes the purification was completed
without significant losses, even though the material was the
same. For subsequent etching experiments the concentrations
were adjusted to 9.3 x 107> nM. Water-assisted: AUNR@CTAB
(30 ml, 4 x 107> nM, batch 2) were centrifuged (7000g, 15 min)
two rounds replacing the supernatants by water. The AuNR-
concentration was adjusted to 0.037 nM and the solution
divided into two parts. One part of the solution was extracted
fivefold with chloroform (10 ml for each extraction), the other
part of the solution was not treated any further. Both solu-
tions, extracted and not extracted were reacted with different
concentrations of PEGMUA and subsequently analyzed via
their reaction with cyanide.

Chloroform extraction of AUNR@CTAB

AUNR@CTAB (10 ml, 3.8 x 107> nM, batch 6) were extracted
fivefold with chloroform (10 ml for each extraction). 1 ml of
the aqueous phase containing the AuNR were then transferred

This journal is © The Royal Society of Chemistry 2016
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into a cuvette and absorbance spectra recorded in 10 min
intervals by running the spectrometer in cycle mode.

Highly concentrated AUNR@PEGMUA and AuNR@PEGSH
samples for ATR-FTIR-analysis

PEG-ligand (10 mg, 5 pumol) was dissolved in water (180 ml)
and with 800 rpm stirring, AUNR@CTAB (20 ml, ~2.2 x 10~
nM, batch 1) were added. After 24 h reaction the solutions
were extracted fivefold with chloroform (100 ml for each extrac-
tion). In the first extraction, phase separation took 10-15 min
and a mixed phase/emulsion remained. In the second extrac-
tion, the phase separation took some minutes and again some
mixed phase/emulsion remained. In the following extractions,
no emulsion remained and the phases separated quickly,
within seconds. Overall, 50 ml solution of each batch was lost
due to emulsion formation and 150 ml AuNR-solution with
unchanged concentration remained. The 50 ml mixed phases/
emulsions were stored at 7 °C and the phase separation slowly
proceeded. Thus it was possible to recover more of the AuNR-
solutions. These were not combined with the fully extracted
solutions, however, because their CTAB concentrations were
expected to differ. The extracted solutions were adjusted with
water to a total volume of 200 ml and a total concentration of
50 pM PEG-ligand. After reaction for 16 h with stirring, strong
adhesion to the reaction vessel walls (material: glass) and stir-
ring bar (PTFE) was observed for AuNR@PEGSH but not for
AuNR@PEGMUA. AuNR@PEGSH could be resuspended by
sonication. The solutions were then concentrated to 1.0 ml by
repeated centrifugation (7000g, 60 min for volumes: 40 ml per
tube, 20 min for small volumes: 1.5 ml per tube). In all cen-
trifugation steps strong adhesion and possibly aggregation of
AuNR@PEGSH was observed, that could be partly reversed by
ultrasound treatment after each centrifugation step. AUNR®@
PEGMUA were not problematic in this respect but were also
treated with ultrasound after each centrifugation step to
improve the purification. The concentrated samples were puri-
fied by two additional centrifugation steps, replacing super-
natants by water. The overall dilution was at least 1:320 000.
AUNR@PEGMUA were 2.2 x 107> nM before extraction and
2.58 nM after concentration and purification. Because 50 ml
were lost during the extraction and effectively 150 ml of the
AuNR were concentrated, this corresponds to ~20% loss of
AuNR due to concentration and purification. The AuNR-con-
centration directly before concentration could not be deter-
mined by UV/Vis spectroscopy because residual chloroform
from the extraction affected the absorbance. AUNR@PEGSH
were 2.4 x 107> nM before extraction and 8.4 x 10™! nM after
concentration and purification. Accordingly, ~80% of the
AuNR were lost during concentration and purification. The
concentrated and purified samples
ATR-FTIR-spectroscopy.

were analyzed by

Highly concentrated AuUNR@PEGMUA sample for NMR- and
ATR-FTIR-analysis

AUNR@CTAB (160 ml, 3.9 x 10~" nM, batch 4) were centrifuged
(7000g, 20 min) to reduce the CTAB concentration and the

Nanoscale, 2016, 8, 7296-7308 | 7299
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supernatants (~150 ml) replaced by PEGMUA solution
(27 pM). To determine the CTAB concentration of the starting
material by quantitative NMR, the supernatants were collected.
KCN (50 mg, 0.78 mmol) was added to the supernatants to dis-
solve residual AuNR@CTAB. After the solution had turned
colorless, indicating complete dissolution of the residual
AuNR, it was frozen and lyophilized. The residue was dissolved
in CDCl; (5.000 ml) and the solution filtrated with a PTFE
syringe filter (0.22 um pore size). A part of the filtrate (700 pl)
and iodoform in CDCl; (50 pl, 20.0 mg ml™" — 1.0 mg,
2.5 pmol) were mixed in a NMR-tube for "H-NMR analysis. A
CTAB-concentration of 22 mM was found, based on this
analysis.

The reaction mixture (160 ml, AuNR@CTAB in the presence
of 25 uM PEGMUA) was shaken for 2 days on a lab-shaker and
then centrifuged (10 000g, 40 min). The combined pellets con-
taining the AuNR (~12 ml) were filled up with water (to 20 ml).
The supernatants containing unreacted PEGMUA (157 ml)
were lyophilized without etching. The gold content was deter-
mined with GF-AAS to be 333 pg 17" (c(Ag) = 51.6 ug 17", 16% of
¢(Au)) and was therefore negligible, i.e. no AuNR had remained
in the supernatants. The residue of the lyophilized super-
natants was solved in CDCl; and analyzed by "H-NMR analysis
as described, but without syringe filtration, that was not
necessary for this and all subsequent samples. "H-NMR analy-
sis yielded 34-36 uM PEGMUA, 100-120 pM CTAB and
2.5-3.4 pM oleate in these supernatants. That the PEGMUA
concentration was higher than theoretically expectable (max.
~25 uM) points out the limited accuracy of the method (prob-
ably most of all because of the molar mass distribution of
PEGMUA) but also suggests that not much PEGMUA had
bound to the AuNR before extraction. The AuNR solution
(20 ml) from the combined pellets was extracted fivefold with
chloroform (10 ml for each extraction). Then, PEGMUA was
added (160.0 mg, ¢,(PEGMUA) = 4 mM) and the solution was
shaken for ¢, = 2 h. After subsequent addition of water (20 ml),
the reaction mixture was then centrifuged (10 000g, 30 min)
and concentrated to 5-6 ml. In the lyophilized supernatant
106-116 mg residue was obtained, that contained >97%
PEGMUA (>85% thiol, <15% disulfide, based on '"H-NMR ana-
lysis as described previously*®) corresponding to 2.6-2.9 mM
of the 4 mM PEGMUA originally added after extraction.
Accordingly, less than 90 uM CTAB was in this supernatant.
The gold concentration was again negligible (c(Au) =
1844 pg 17, c(Ag) = 39.6 pg 1Y), For further purification,
the concentrated AUNR@PEGMUA solution was centrifuged
4 more rounds (7000g, 30 min) replacing supernatants with
water and with a minimum of 5 min sonication after each
centrifugation. The dilution in each centrifugation was at
least 1:25 and the overall dilution was at least 1:6 x 10°
The volume of the final concentrated and purified solution
was adjusted to ~4 ml. The AuNR-concentration was 16.7
nM based on UV/Vis spectroscopy and 16 nM based on
GF-AAS (c(Au) = 4.8 x 10° pg 17, ¢(Ag) = 5.1 x 10* pg 17
assuming a cylindrical geometry with the parameters
obtained by TEM-analysis.
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NMR-analysis of concentrated AUNR@PEGMUA

Concentrated and purified AuNR (3.000 ml, 16 nM) were dis-
solved by adding KCN solution (1.000 ml, 1.00 M) followed by
stirring overnight. The clear and colorless solution was then
lyophilized and the residue dissolved in CDCl; (1.000 ml).
700 ul thereof and iodoform in CDCl; (50 pl, 20.0 mg ml™)
were mixed in a NMR-tube for 'H-NMR analysis. After com-
plete evaporation of residual CDCIl; the residues that were not
dissolved in CDCl; were completely dissolved in D,O
(2.000 ml). 700 pl thereof and acetonitrile (50 pl, 1 vol% in
D,0) were mixed in a NMR-tube for "H-NMR analysis. In the
CDCl; sample, 0.28 pmol PEGMUA were found and 0.175 pmol
in the D,O sample. This corresponds to 0.4 umol in the
1.000 ml CDCl; and 0.5 pmol in the 2.000 ml D,0O and to a
total concentration of 300 uM PEGMUA in the 3.000 ml con-
centrated AuNR-solution.

Results and discussion

First, we focus on the comparison of CTAB-ligand exchange by
PEGMUA with and without assisting extraction with chloro-
form. To analyze the exchange, oxidative etching with cyanide
is employed, utilizing the huge difference in stabilization of
AuNR by CTAB and by PEGMUA. AuNR@CTAB are usually
etched in less than a minute with 25 mM cyanide, whereas
PEGMUA-coated AuNR, AUNR@PEGMUA, react for days and
are still not completely dissolved by etching with this cyanide
concentration.

PEGSH:
o} CH
HS/\’< \/>\O/ 3
n

Fig. 1 Exemplary TEM measurement of AuNR and structures of PEG
ligands used in this study.
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Oxidative cyanide etching enables studying the CTAB/PEGMUA
ligand exchange

To analyze the ligand exchange without extraction, AUNR®@
CTAB were incubated with different concentrations of
PEGMUA for a fixed reaction/incubation time ¢,. AuUNR@CTAB
were prepared following the protocol of Ye et al. using CTAB at
a reduced concentration together with sodium oleate to yield
AuNR@CTAB with 70-90 nm length and 20-30 nm diameter
(Fig. 1).*" The AUNR@CTAB dispersion was diluted by a factor
of 10 to AuNR concentrations in the range 5-30 pM. The
CTAB-concentration in these samples was ~2 mM. In general,
variations of the CTAB concentration are due to the AuNR syn-
thesis. Different sizes, aspect ratios and concentrations of the
produced AuNR lead to varying amounts of adsorbed CTAB.
Considering the strong impact of the CTAB concentration on
ligand exchange kinetics'* this is hypothesized to be a reason
for limited reproducibility of ligand exchange. In a first set of
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experiments, AUNR@CTAB reacted with different concen-
trations of PEGMUA for 22 hours and were subsequently
exposed to 50 mM potassium cyanide, KCN. Fig. 2 shows the
absorbance spectra of these samples at different times after
KCN addition. Without PEGMUA addition (¢ = 0 uM) the AuNR
are completely etched within minutes and the absorbance
after 12 minutes is ~0. The formation of Au-cyanide complexes
(JAu(CN),]") is indicated by their spectral signature with
maxima at ~213, 230 and 240 nm.*® In contrast, hardly any
etching is observed for AuNR reacted with 300 pM PEGMUA.
Depending on the PEGMUA concentration, the longitudinal
localized surface plasmon resonance band (LSPRB) broadens
and redshifts during the etching reaction.

For high PEGMUA concentrations (see e.g. 200 pM Fig. 2A)
neither broadening nor strong shift was observed, but a
gradual decrease of absorbance. These different optical
responses during the etching reaction indicate different
mechanisms of the etching processes. Similar to a simple
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Fig. 2 Monitoring the oxidative etching of AuNR by UV/Vis-spectroscopy. AUNR were reacted 22 hours with different concentrations of PEGMUA as
indicated. Then the samples were etched with 50 mM of KCN and absorbance spectra were recorded at different times during the etching reaction.
0 min corresponds to measurements directly after KCN addition. The absorbance at 450 nm (A4so), reflecting the stability of the sample, can be
plotted versus the reaction time (B) or versus the PEGMUA concentration (C) to analyze the data. Lines are a guide to the eye.
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model proposed earlier for spherical AuNP,*® two extreme
cases are conceivable: a situation where all AuNR are etched
simultaneously at a similar rate or a particle-by-particle
etching. Here, any morphological changes of the AuNR can be
expected to result in shifts and broadening of the longitudinal
absorption,***> especially on the ensemble level, when these
changes are irregular, leading to a broadened morphological
distribution of the sample. Additionally, aggregation processes
have to be considered, that can also lead to broadening of the
absorbance band.*®

Not only the ligand structure, but also the ligand coverage
can be expected to affect the mechanism of the etching reac-
tion. If no AuNR have a maximum coverage with PEGMUA, the
etching rate will be in the same range for all AuNR in the
sample. The rate will be comparably high because of the
AuNRs’ incomplete coverage with stabilizing PEGMUA. Accord-
ingly, their morphological changes will be reflected in the
optical properties of the sample, i.e. by broadening and shifts
of the LSPRB, as observed for the samples treated with
PEGMUA at lower concentrations. In contrast, if all AuNR have
maximum coverage, and therefore maximum stabilization, by
PEGMUA, the etching rates will be much higher for AuNR that
are already etched locally, because the etching produces “weak
spots” in their ligand layer. In consequence, a particle-by-
particle etching occurs and morphological changes do not
dominate the optical properties of the samples, as indicated
by the uniform gradual decrease of absorbance observed in
case of the samples treated with PEGMUA at high concen-
trations. TEM-analyses support this interpretation (Fig. S17).

The kinetics of the etching reactions can be compared by
plotting the absorbances at 450 nm (4450, Fig. 2B)) as an indicator
of the samples’ concentrations, which decrease during the
etching reaction. This method is semiquantitative because the
exact morphology and optical properties of the samples at a
certain time point of the etching reaction are not known, but it
still allows comparing the kinetics of the different samples react-
ing with KCN. The etching rate decreases with increasing
PEGMUA concentration (Fig. 2B). For high PEGMUA excesses the
reaction is not completed within the experiment duration.
Another way to analyze the data is by plotting the absorbance
(A450) versus the PEGMUA concentration used for stabilization of
the AuNR (Fig. 2C). The resulting curves resemble an isotherm
because the stability (reflected by A,s0) correlates with the
PEGMUA coverage of the AuNR. The maximum absorbance shifts
towards higher PEGMUA concentrations with increasing etching
time. In these reactions no steady state is observed in the ana-
lyzed timeframe. The experiments demonstrate the high stabili-
zation by PEGMUA that allows to utilize the reaction of coated
AuNR with cyanide to study the ligand exchange. The stability of
the AuNR, indicated by the absorbance at 450 nm, 4,5, in Fig. 2B
and C, clearly correlates with the PEGMUA concentration.

Ligand-exchange is more efficient when assisted by
chloroform extraction

Previous work suggests that chloroform extraction can efficien-
tly remove CTAB from AuNR samples but the ligand exchange

7302 | Nanoscale, 2016, 8, 7296-7308

View Article Online

Nanoscale
itself was not studied in detail.”**** We were especially inter-
ested in comparing the ligand exchange assisted by extraction
with chloroform to the ligand exchange without extraction.
The extracted (extr) samples were mixed with 25 pM PEGMUA
immediately before fivefold extraction with chloroform in
order to avoid destabilization during the extraction. In prelimi-
nary experiments we observed that AuUNR@CTAB aggregate
completely within a few hours after chloroform extraction
(Fig. S2t). This confirms that CTAB is efficiently removed, at
least down to a concentration below the critical concentration
necessary for stabilization of the AuNR. This critical concen-
tration was identified by Lee et al to be in the range
0.2-0.5 mM.'* After extraction, different amounts of PEGMUA
were added, followed by incubation for 22 hours or 1 hour.
Fig. 3 shows the resulting A;s0(c(PEGMUA))-curves for these
samples after 300 minutes of etching with cyanide. They are
compared to samples that were not extracted (no extr) but just
reacted for the indicated times (22 or 65 hours) with PEGMUA
as described above. The experiments with 22 h reaction time
were repeated to assess their reproducibility (Fig. 3, extr/no
extr 22 h and 22 h (2)). Three conclusions can be drawn: the
reproducibility of the ligand exchange seems to be much
better for the extracted samples, the amount of PEGMUA
needed for maximum stabilization is much lower and the reac-
tion time needed for maximum stabilization is much shorter.

For the non-extracted samples the amount of PEGMUA for
maximum stabilization is significantly lower when the
AuNR@CTAB are reacted 65 hours compared to 22 hours reac-
tion. We analyzed the long term stability of the PEGMUA
ligand on AuNR by attenuated total reflection Fourier trans-
form infrared spectroscopy (ATR-FTIR) and found no signs of

4 extr1h

extr22 h

extr 22 h (2)
no extr 22 h

no extr 22 h (2)
no extr 65 h

A450 [a.u.]

<

FEEY >V

200 300 400 500

c(PEGMUA) [uM]

0 100

Fig. 3 Comparison of the absorbances at 450 nm (A4s0) of different
AuNR samples after 300 minutes reaction with 50 mM cyanide. All
samples were prepared from the same batch of AUNR@CTAB (87 nm X
29 nm, batch 1) diluted to the same concentrations before reaction with
different amounts of PEGMUA for different times as indicated. The reac-
tion times for the extracted samples (extr, magenta) are the reaction
times with PEGMUA after extraction with chloroform (immediately
before chloroform extraction 25 yM PEGMUA were added for stabiliz-
ation). The concentrations c(PEGMUA) for the extracted samples are the
sum of concentrations added before and after extraction to allow for
comparison with the samples that were not extracted. Lines are a guide
to the eye.
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hydrolysis in the time frame of 12 days (Fig. S3, ESIf). Thus,
the changes in reactivity cannot be attributed to changes of
the PEGMUA ligand itself, e.g. due to hydrolysis. This
(compare samples reacted 22 hours with PEGMUA in Fig. 3)
indicates that the ligand exchange is extremely slow and that
overnight reaction is not sufficient for maximum exchange. All
samples were prepared from the same batch of AUNR@CTAB
with the same dilution. Based on the synthetic protocol we
know that the maximum possible concentration of free CTAB
in these samples was 3.7 mM. This underlines that even at low
concentrations, CTAB strongly hinders the ligand exchange of
AuNR, confirming the results of Lee et al.'* In contrast, no
difference in ¢(PEGMUA) for maximum stabilization was
observed for the extracted AuNR-samples even when they were
reacted for just 1 hour. Thus, the ligand exchange is much
faster when the samples are extracted. Interestingly, the stabili-
zation of the extracted samples is even then significantly
higher when no PEGMUA is added after extraction (first points
at ¢((PEGMUA) = 25 uM in Fig. 3). The AuNR concentration
c(AuNR) in these samples was ~0.020 nM and based on a
cylindrical model with geometrical parameters obtained by
TEM analysis, the PEGMUA concentration necessary for
maximum coverage of all AUNR can be estimated. Even a foot-
print of just 0.2 nm> per PEGMUA molecule on the AuNR
surface corresponding to a very high coverage, close to that of
alkyl thiols on Au{111} surfaces"”*® would require less than
1 pM PEGMUA. In other words, the 25 pM PEGMUA added
before chloroform extraction are at least 25 times the sufficient
amount for maximum coverage of all AuNR. Keeping this in
mind, the higher stability of the extracted samples with no
PEGMUA added after extraction strongly indicates that some
ligand exchange took place during the extraction procedure.
This is possible because the ligand exchange is much faster
and more efficient in the extracted samples.

Detailed study of the ligand exchange with assisting
chloroform-extraction

To allow for direct comparison of extracted and non-extracted
samples as described in the previous section, those samples
were not purified by centrifugation, neither before, nor after
extraction. The samples thus contained residual reagents from
the AuNR-synthesis as silver nitrate (AgNO;), hydrochloric acid
(HCI) and others. In another set of experiments, details of the
ligand exchange assisted by extraction were studied. For these
experiments, lower AuNR-concentrations (9.3 pM) and a lower
cyanide concentration (25 mM) for the etching reactions were
used and the samples were purified after extraction by cen-
trifugation to minimize matrix effects. The etching kinetics of
these samples cannot be quantitatively compared to those
shown in Fig. 3, because the AuNR concentrations and the
matrix and pH are different. For comparable sets of etching
experiments it is important to ensure the same initial AuNR
concentration and a comparable matrix and pH in all
samples.®® Regarding the ligand exchange with extraction we
focused on the following parameters: the concentration of
PEGMUA before extraction ¢;(PEGMUA), the PEGMUA concen-
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tration after extraction ¢,(PEGMUA) and the reaction time after
extraction ¢,. Detailed descriptions and discussion of all
experiments are provided as ESI (pages 4-8, Fig. S4-S9, ESIT).
Fig. 4 shows an exemplary set of experiments. A steady state is
reached after 1290 minutes (21.5 h) etching time. Afterwards,
the plots Ass0 vs. ¢(PEGMUA) do not change significantly
anymore in the higher concentration regime, even after a week
(10 080 minutes). The minimum PEGMUA concentration for
maximum stabilization can be determined; in the experiments
shown it was 65 pM (25 pM before extraction and 40 uM after
extraction). We found that there is no benefit in using a large
PEGMUA excess before extraction with chloroform because
only small amounts will bind to the AuNR and unbound
PEGMUA will be removed by the subsequent extraction. A reac-
tion time after extraction, ¢, = 30 minutes was already
sufficient for high stabilization. With ¢, = 2 hours the stabili-
zation was just slightly better in some experiments. With reac-
tion times ¢, > 2 hours no further increase in stabilization was
observed, suggesting once more a fast ligand exchange after
extraction. Our experiments consistently demonstrate, that
PEGMUA provides a very high degree of stabilization for AuNR.
When AuNR are extracted with chloroform to remove as much
CTAB as possible, the ligand exchange is more reproducible,
much faster (~1-2 hours vs. days), and about four times less
ligand consuming.

Alternative strategies to remove CTAB include centrifu-
gation-based purification with water or ethanol.®®?>2°
Repeated centrifugation with water involves the risk of irrevers-
ible aggregation and/or adhesion of the AuNR. Even if the
AuNR were not destabilized during centrifugations, 2.5 times
more PEGMUA was required in order to obtain a stability com-
parable to an extracted sample (Fig. S10, ESIT). Centrifugation-

A450 [a.u.]

100 125 150 175

c(PEGMUA) [uM]

Fig. 4 Comparison of the absorbances at 450 nm (A4s50) of AuNR
samples after different times of reaction with 25 mM cyanide. The AuNR
were reacted with 25 yM PEGMUA for 22 hours, extracted with chloro-
form and then again reacted with different PEGMUA concentrations
c2(PEGMUA) for 2 hours. c(PEGMUA) is the sum of PEGMUA concen-
trations added before and after extraction (c;(PEGMUA) + c>(PEGMUA)).
The numbers at the legend are the reaction times with cyanide in
minutes. Outliers can result from aggregation/agglomeration, adhesion,
sedimentation and turbidity. Lines are a guide to the eye.
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based purification with ethanol after 22 hours reaction with
25 uM or 50 pM PEGMUA was only occasionally successful;
irreversible adhesion to vessel walls during the centrifugation
steps occurred in some cases. However, if no adhesion
occurred, a high stabilization, comparable to chloroform-
extracted samples, was obtained (Fig. S11, ESI}), indicating
efficient removal of CTAB. It can be concluded that several
strategies can be used to remove CTAB during ligand exchange.
However, extraction with chloroform is a mild procedure
because it involves no centrifugation during CTAB removal. In
our experiments it was the most reliable and efficient pro-
cedure to assist ligand exchange of AUNR@CTAB.

Comparison of PEGMUA and PEGSH

As the etching experiments indicated that a high PEGMUA cov-
erage was achieved when the ligand exchange was assisted by
chloroform-extraction, we tested if this is also possible with a
typical PEG-ligand of the same length, PEGSH. Such ligands
are commercially available and used in the vast majority of
studies with PEGylated AuNR. The difference between
PEGMUA and PEGSH is the C;, alkylene-spacer, that connects
the Au-surface binding thiol group with the PEG-moiety via an
ester group in the case of PEGMUA. In case of PEGSH, the poly
(ethylene glycol)-chain is simply terminated by a thiol group.
This changes the adsorption because attractive van der Waals
(vdW) forces between the alkylene-units favor adsorption and
dense packing,’®*® whereas PEG-interactions are repulsive in
water,’>>" leading to a decreasing coverage of PEG-thiols on
gold with increasing PEG-length.”* Additionally, PEGMUA and
similar ligands form an inner hydrophobic layer when coated
on nanoparticles, that provides an effective barrier for polar
molecules.’®?” In the case of AuNR, the CTAB bilayer rep-
resents a somewhat similar barrier that has to be overcome for
ligand exchange.''® 1t can be hypothesized that CTAB-
removal, e.g. by chloroform-extraction, induces collapse of and
defect sites within the CTAB bilayers on the AuNR,"* thereby
assisting ligand exchange. To test this strategy for PEGSH we
prepared AuUNR@PEGSH samples accordingly. The stability of
these samples against oxidative etching was much lower and
just 5 mM of cyanide was used for the etching experiments.
Fig. 5 shows the absorbance at 450 nm (A,5,) of AuNR@PEGSH
in the presence of 5 mM cyanide in comparison to that of
AuNR@PEGMUA, prepared with the same conditions, in the
presence of 25 mM cyanide. All AUNR@PEGSH were comple-
tely etched within 2-3 hours with 5 mM cyanide. In contrast,
at the fivefold cyanide concentration, AuUNR@PEGMUA were
significantly etched only if no PEGMUA was added after extrac-
tion (0 pM in Fig. 5) and even then, the sample was more
stable than the AUNR@PEGSH samples. We tested longer reac-
tion times ¢, for AUNR@PEGSH up to 24 hours, but no effect
on the stabilization was observed (Fig. S12, ESIf). Also, in
terms of PEGSH addition after extraction, no trend was
observed, i.e. higher PEGSH concentrations did not lead to
higher stabilization (Fig. 5). This observation supports the idea
that the structures of the according ligand layers are signifi-
cantly different and that PEGMUA provides a better stabili-
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Fig. 5 Absorbance at 450 nm (A450) of AUNR@PEGSH (blue squares) in
the presence of 5 mM cyanide and of AUNR@PEGMUA (magenta tri-
angles) in the presence of 25 mM cyanide versus the reaction time. The
concentrations indicated by the color code correspond to the additions
of the corresponding PEG-ligand after extraction. The preparative con-
ditions were the same for both sets of samples (t; = 22 h reaction with
c; = 50 pM PEG-ligand before extraction and t, = 2 h reaction after
extraction). Lines are a guide to the eye.

zation because of a higher grafting density and formation of
an inner hydrophobic layer. A higher grafting density can be
rationalized with the attractive vdW interactions discussed
above. Another reason could be an improved penetration of
the CTAB-layer by PEGMUA due to its amphiphilic character.
This idea is illustrated in Scheme 1.

According to this idea, the molecular structure of PEGMUA
improves not only the shielding effect of the final ligand layer
but is also favorable for the ligand exchange itself. Either the
PEGSH ligand layer provides no comparable stabilization after
formation, or the ligand exchange is less effective with PEGSH,
or both.

Estimating the PEGMUA coverage

The better stabilization of AuNR against oxidative etching with
PEGMUA compared to PEGSH could be exclusively due to
hydrophobic effects and not to a higher grafting density. To
explain then, that the hydrophobic CTAB bilayer does not
provide comparable stabilization one might point out attrac-
tive electrostatic interactions (of cyanide ions and hexadecyl-
trimethylammonium groups in CTAB) or the assumed
dynamic nature of the CTAB bilayer. Therefore we tried to
assess the grafting density of PEGMUA in comparison to
PEGSH when coated with the same conditions onto AuNR.
This is especially relevant for biomedical applications of AuNR
because a high PEG grafting density is correlated with a lower
immunogenicity.®’ The PEG coverage can be described with its
Flory radius Ry and the grafting distance D.*° In the “mush-
room” regime with Rg/D < 1 the PEG-chains are in a relaxed
conformation at low coverage, in the brush-regime with Rg/D >
1 the PEG-chains adopt a more stretched conformation due to
intermolecular repulsive interactions.”*>"*%>! At very high cov-
erage with Rg/D > 2.8 the PEG-coating enters the “dense-

This journal is © The Royal Society of Chemistry 2016
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Scheme 1 Ligand exchange of PEGMUA versus PEGSH in a simplified picture. Due to its amphiphilic character, PEGMUA can penetrate the hydro-
phobic CTAB-layer more readily (A) to successively form a ligand layer that is stabilized by similar cooperative effects, driven by the stronger binding
of thiol-groups to Au. For PEGSH as a polar molecule it is unfavorable to penetrate the CTAB-layer (C) and consequently no, or less, ligand exchange
takes place (D). This simplified model does not take into account residual CTAB and the higher complexity of the AuNRs' surface chemistry including
silver, bromide, oleate and reaction products remaining from their synthesis.

brush” regime that was found to be most favorable in terms of
immune response and clearance.”® A dense PEG-brush on
AuNR of dimensions used in this work requires at least several
thousands of PEG-ligands per AuNR. In contrast, Hore et al.
have recently presented small angle neutron scattering (SANS)
data that indicate a coverage of just 6-10 PEGSH molecules
(5 kDa) per AuNR using standard coating procedures.'” Thus,
new strategies to achieve higher PEG grafting densities on
AuNR are highly desirable.

We prepared highly concentrated samples of AuNR®@
PEGSH and AuNR@PEGMUA to assess the number of PEG-
molecules per AuNR by NMR and IR. About 80% of AuNR@
PEGSH were lost during concentration due to irreversible
adhesion to vessel walls and possibly aggregation, whereas in
the case of AUNR@PEGMUA just ~20% were lost (Fig. S13,
ESIt). This observation underlines once more the better
stabilization by PEGMUA compared to PEGSH. The final
samples, that were concentrated and purified, were analyzed
by ATR-FTIR. Resulting spectra are shown in Fig. 6. The PEG
molecules can be identified by their characteristic ether-
vibrations (C-O stretch) at ~1060 cm™. In this region no CTAB
vibrations are present. The IR-spectra of AUNR@PEGMUA and
AuNR@PEGSH (Fig. 6C) strongly indicate that substantially
more PEGMUA is bound to the AuNR than PEGSH. The
amount of PEGMUA in the concentrated sample AuNR®@

This journal is © The Royal Society of Chemistry 2016

PEGMUA (¢ = 2.6 nM) was detectable by NMR but not
sufficient for a quantitative analysis. Therefore, a higher
amount of AUNR@PEGMUA was prepared, concentrated and
purified. In every step of the procedure, supernatants were col-
lected and lyophilized as detailed in the Experimental section.
The gold and silver content was determined by elementary
analysis and the PEGMUA, CTAB and oleate content was ana-
lyzed qualitatively and estimated by NMR. The amount of
silver relative to gold in AUNR@PEGMUA samples decreased
during the ligand exchange and purification from ~16% after
the first reaction with PEGMUA before extraction to 2% after
extraction and second reaction with PEGMUA. In the final
purified sample the relative amount of silver was ~1%. This
was confirmed by HR-STEM-EDX (high resolution-scanning
transmission electron microscopy-energy dispersive X-ray
spectroscopy) analysis that also confirmed that the silver is
located at or near the AuNR surfaces (Fig. S14, S15 and Tables
S1, S2, ESIf) in accordance with previous reports.>® Silver can
be the cause for unwanted toxicity in biological and bio-
medical applications of AuNR and complicates the surface
chemistry of the AuNR. It is therefore desirable to remove as
much silver as possible.”” In the NMR analysis, CTAB could
not be identified unambiguously in the final sample but
matrix assisted laser desorption ionization-time of flight mass
spectrometry (MALDI-TOF) analyses suggested that residual
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Fig. 6 ATR-FTIR-analysis of AuNR-samples. Comparison of AUNR@CTAB (grey line) with pure CTAB (orange line) (A), comparison of highly concen-
trated and purified AUNR@PEGMUA (pink line) with pure PEGMUA (grey line) (B) and comparison of AUNR@CTAB (dark grey line), AUNR@PEGSH
(blue line) and AUNR@PEGMUA (magenta line) (C). The PEGMUA spectrum is also shown (grey line) and offset for clarity. The vibration at v ~
1700 cm™t in A stems from oleate in the AUNR@CTAB sample. The CO, vibration-related peaks were removed for most spectra and the backgrounds
were accounted for with a second order polynomial and subtracted. Spectra were normalized at the asymmetric methylene vibrations (v =

2918 cm™).

CTAB was present in all studied purified samples. A detailed
discussion is provided as ESI (p. 13).7

The NMR analyses during the ligand exchange and purifi-
cation confirmed that more PEGMUA reacts with the AuNR
after extraction than before. After purification by repeated cen-
trifugation the AuUNR@PEGMUA were etched with 250 mM
cyanide to ensure their complete dissolution and then lyophi-
lized. The residues were dissolved in CDCI; and D,O for NMR-
analysis. The NMR samples were calibrated with iodoform (in
CDCl;) or acetonitril (in D,0O), the NMR-spectra are shown in

7306 | Nanoscale, 2016, 8, 7296-7308

Fig. S16, ESL{ The analysis revealed that PEGMUA was hydro-
lyzed by the harsh etching conditions. Complementary MALDI-
TOF analyses confirmed the presence of PEG and indicated
that also partial oxidation of the PEG-chains might have had
occurred during the etching. Quantifying the PEG content
based on the NMR-data shown in Fig. S161 yielded a total
PEG-concentration of ~300 pM. The AuNR concentration was
determined by graphite-furnace atomic absorption spectro-
metry (GF-AAS) to be 16 nM and confirmed by UV/Vis-based
determination as described by Liz-Marzan’s group.*® This esti-

This journal is © The Royal Society of Chemistry 2016
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mation suggests that indeed a very dense PEG-layer was
obtained on the AuNR with a PEGMUA-footprint of
0.30-0.35 nm” corresponding to PEGMUA grafting densities of
2.9-3.3 nm > The ATR-FTIR spectrum of these highly concen-
trated AUNR@PEGMUA (not etched) also confirms the pres-
ence of large amounts PEGMUA (Fig. 6B). Because of the
higher concentration of the AuNR, more spectral features of
the ligand can be identified and correlate very well with the
spectral signature of PEGMUA. Also, in contrast to the free
ligand PEGMUA, no thiol vibration at 2559 em™" was observed.
Even though the accuracy of the value for the grafting density
is limited by the experimental conditions it can be concluded
with high confidence that a footprint <1 nm” and a PEG-layer
in the dense brush regime was obtained. Thus, ~1650 times
more PEG-chains per nm? are bound than in the study of Hore
et al., where similar AuNR were used,'”> and ~60 times more
than in the study of Xia et al., also using AuNR with similar
dimensions.?® In these studies, longer PEG-chains were used
(5 kDa in contrast to 2 kDa used herein), but this alone cannot
explain the huge difference in bound PEG. With advanced
PEGylation strategies higher grafting densities can probably be
achieved, but were not quantitatively determined in all studies.
In the work of Kinnear et al. the PEG-grafting density was esti-
mated based on TGA experiments to be 0.89 PEG nm™>.>® TGA-
based determination of the PEG-grafting density can be
problematic because CTAB was also present in the ligand layer,
but the estimation should be still valid because the molecular
mass of CTAB is much smaller than that of the PEG-thiol
(5 kDa) used in their study.

The strategy of using PEGMUA, a PEG ligand with an opti-
mized molecular structure, is complementary to promising
strategies reported so far. In future work it should be tested if
the combination of advanced PEGylation strategies and
PEGMUA can improve even further the results of the ligand
exchange.

Conclusion

In conclusion, our experiments consistently demonstrate that
the PEGylation of AuNR can be dramatically improved by tai-
loring the molecular structure of the PEG-ligand. The mecha-
nical and chemical stabilization is much higher and higher
grafting densities are achieved when PEGMUA is used instead
of PEGSH of the same length.

Because PEGMUA stabilizes AuNR against oxidative etching
with cyanide very well, this etching reaction can be utilized as
an analytical tool to study the ligand exchange. We observed
that the ligand exchange is much faster and more reproduci-
ble, when CTAB is removed by chloroform extraction and that
at least 50% less ligand is needed for maximum stabilization.
Alternative strategies to reduce the amount of CTAB and assist
the ligand exchange were less effective and less reliable. With
extraction assisted ligand exchange, sufficiently high concen-
trations of AUNR@PEGMUA could be prepared and purified to
allow quantitative NMR spectroscopy analysis. A grafting

This journal is © The Royal Society of Chemistry 2016
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density in the order of 2.9-3.3 nm™> was estimated for
PEGMUA on AuNR, corresponding to a footprint of
0.30-0.35 nm>. In future studies it should be tested if quanti-
tative CTAB and oleate removal is possible with advanced puri-
fication strategies. The toxicity of AUNR@PEGMUA has to be
also addressed. For spherical AuNP coated with PEGMUA no
toxicity was observed so far, neither in vitro®”*° nor in vivo.*®
This raises the hope that PEGMUA will enable to synthesize
highly concentrated AuNR with very low or no toxicity with
potential applications in biological and medical imaging and
photothermal therapy.
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