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T
here is increasing interest in the use of
gold nanoparticles (GNPs) for various
applications in biomedical materials

science, electronics, and optics as they pos-
sess unique key features.1 In particular,
they have been shown to have excellent
biocompatibility,2 making them suitable for
biomedical applications. Gold has been ap-
proved by the United States Food and Drug
Administration for use in humans for rheu-
matoid arthritis and has been safely used
for over 60 years.3�5 GNPs can easily be
conjugated to other molecules due to
gold's high affinity for thiols, amines, and
phosphines.6 In addition, GNPs present tre-
mendous potential in biomedical imag-
ing. For instance, they have been shown to
induce specific contrast enhancement in
X-ray computed tomography.7 These prop-
erties make them valuable tools for applica-
tions such as therapeutic drug delivery,
cancer diagnostics, and therapy.8 Currently,
spherical GNPs are most commonly made
using the method proposed by Frens9 in
1973 by the reduction of chloroauric acid to
neutral gold by sodium citrate. The chal-
lenge with the use of these GNPs for in vivo

applications is that unmodifiedGNPs under-
go aggregation induced by the high ionic
strength and serum proteins in body fluids,
resulting in rapid elimination from the sys-
temic circulation by cells of the reticuloen-
dothelial system (RES).10 Themost commonly
used stabilizing agents for GNPs are the
water-soluble polyethylene glycol (PEG) mol-
ecules, as they provide excellent stability and
significantly increase in vivo circulation time
of the coated particles in comparison with

plain GNPs.11 PEGylation of GNPs is typically
performed by using thiol (SH)-terminated
PEGs, exploiting the very high specific bond-
ing affinity of gold to thiol groups.12 The
rationale underlying this approach is that
coating the GNP surface with hydrophilic
polymers can significantly reduce nonspecific
interactions with biomolecules such as plas-
ma proteins. Indeed, materials designed for
use in the humanbody should ideally be non-
immunogenic and have protein-repellent sur-
faces to avoid inflammation or thrombus
formation upon contact of the material with
blood.13 Although PEG molecules provide
excellent stability to GNPs, their non-ionic
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ABSTRACT

Poly(ethylene) glycol is commonly used to stabilize gold nanoparticles (GNPs). In this study, we

evaluated the ability of cysteine-functionalized alginate-derived polymers to both provide

colloidal stability to GNPs and avoid recognition and sequestration by the body's defense

system. These polymers contain multiple reactive chemical groups (hydroxyl and carboxyl

groups) that could allow for ready functionalization with, for example, cell-targeting ligands

and therapeutic drugs. We report here that alginate-coupled GNPs demonstrate enhanced

stability in comparison with bare citrate-coated GNPs and a similar lack of interaction with

proteins in vitro and long in vivo circulation as PEG-coated GNPs.

KEYWORDS: G-block . PEG . protein repellence . thiol polymers . cellular uptake .
pharmacokinetics
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and inert nature14 limit their potential for chemical
functionalization. PEG is activated for coupling by
preparing a derivative having a functional group at
one or both termini,15 hence PEGs are attached to
other molecules only via their terminal ends.
In this study, we exploredwhether polymers derived

fromalginate can serve as alternative stabilizing agents
for GNPs. These polymers offer the possibility of che-
mically (via covalent interactions)16,17 or physically (via
ionic interactions)18,19 associating many different mol-
ecules, including growth factors20 and cell-adhesive
ligands to alginate.21 Indeed, alginate polymers can be
extensively functionalized thanks to the presence of
multiple reactive chemical groups (carboxyl and hy-
droxyl groups). There are several attractive reasons
to engineer alginate polymers for therapeutic appli-
cations: they are well-characterized, amenable to ster-
ilization and storage, biocompatible with human
tissues,22 and possess unique gel-forming properties
and pH-dependent charges. Alginates are naturally
derived polysaccharides, composed of (1�4)-linked
β-D-mannuronic acid (M-units) and R-L-guluronic acid
(G-units) sugar residues.23 The alginate molecule is a
block copolymer with regions of sequential M-units,
called M-blocks, regions of sequential G-units, called
G-blocks, and regions of atactically organized M- and

G-units. Divalent cations, such as Ca2þ, bind between
the G-blocks of adjacent alginate chains, allowing
gelation of aqueous alginate solutions.24 A very attrac-
tive feature of alginate is that it is commonly consid-
ered to be a non-immunogenic polymer.25�27 The
GNPswere thus coatedwith alginate-derived polymers
to both provide colloidal stability and avoid recogni-
tion and sequestration by the body's defense system.
In this study, GNPs coated with cysteine-functionalized
G-block polymers and low molecular weight alginate
polymers were analyzed for their physical properties,
in vitro characteristics, and in vivo blood circulation.
Furthermore, GNPs coated with alginate-derived mol-
ecules were compared to PEGylated GNPs. Results
obtained with G-block-coated GNPs are highlighted,
and results obtained with low molecular weight algi-
nate-coated and PEGylated GNPs are provided in the
Supporting Information.

RESULTS AND DISCUSSION

Polymer Characterization. Poly(guluronate) (G-blocks)
was isolated from sodium alginate LF10/60 (ProNova
Biomedical, FMC, Norway) according to the procedure
described by Bouhadir et al.28 (Figure 1a). Gel permea-
tion chromatography (GPC) analysis indicated that the
isolation of G-blocks from alginate resulted in polymers

Figure 1. (a) G-block polymers were synthesized from sodium alginate (LF10/60) by partial acid hydrolysis. (b) GPC results
indicating the molecular weight (MW) and the polydispersity index (PDI) of the polymers tested. (c) Proton NMR spectra of
G-block polymer indicating that the G-block polymers isolated from alginate LF10/60 had approximately 88% guluronic acid
content. (d) Cysteines were incorporated to G-block polymers via EDC chemistry (G-block/cysteine molar ratio of 1:1.75).
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with significantly reduced molecular weight and vis-
cosity (Figure 1b) in comparison with the alginate
molecules from which they were isolated. The MW of
the monomers constituting alginate, guluronic acid,
and mannuronic acid in its deprotonated form (C6H7O6)
is 176.1 g/mol. Hence, there are approximately (6800/
176.1) 38 units of guluronic acids in the G-block polymer
isolated from LF10/60. It has been reported that a mini-
mum chain length of approximately 18 guluronic acid
units is needed for cooperative G-block dimerization at
certain in vitro binding conditions29 and that the gelation
and the strength of dimerization resulting from G-block
dimerization increase with block length.30 Hence, the
length of the G-block molecules isolated from alginate
LF10/60 is long enough to induce gelation of the poly-
mers for potential future applications, such as trapping
G-block-coated GNPs in target areas of the body by
in situ gelation. Indeed, high Ca2þ concentrations are

naturally present in the interstitial volume of the body.
The guluronic acid percentage of the G-block polymers
was calculated from proton nuclear magnetic resonance
(1H NMR) spectra using a literature method31�33

(Figure 1c) and confirmed that G-block polymers con-
tain ∼88% guluronic acids on average. G-blocks iso-
lated in this manner also had very low endotoxin
content (<0.02 EU/mL), hence these polymers could
safely be used for in vivo studies.

Cysteines were incorporated into the alginate-
derived polymers (Figure 1d) to provide them with thiol
functional groups, which can react with gold nanopar-
ticles, by using previously described synthesis of
alginate�cysteine conjugates.34 Inductively coupled
plasma mass spectrometry (ICP-MS) indicated that
G-block polymers had 0.0194% sulfur content
(obtained by Galbraith Laboratories, Inc.). Low degrees
of substitution were selected for the addition of thiols

Figure 2. (a) TEM image of GNPs indicating that theGNPs had diameters of approximately 25 nm. (b) Hydrodynamic diameter
and zeta-potential of GNPs of unmodified and G-block-coated GNPs. (c) Hydrodynamic diameters of G-block-coated GNPs
resuspended in PBS, indicating that the GNPs had a stable size over 20 days (values represent mean (n = 5) and standard
deviation). (d) Absorption spectra of unmodified GNPs (left) and G-block-coated GNPs (right) in PBS (red curve) and in water
(black curve). (e) TGAprofiles of G-block polymer (left), unmodifiedGNPs (center), andG-block-coatedGNPs (right).Weight%:
red curve. Derivative (wt %): blue curve.
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on the polymers to prevent thiols of the same polymer
from binding to different GNPs and agglomerating
GNPs. In fact, at much higher degrees of thiol substitu-
tion, agglomerated clusters of GNPs coated with
G-blocks were visible to the naked eye. Although
oxidation could naturally occur and thus cause the
polymers to contain disulfide bonds, it has been
reported that the formation of self-assembled mono-
layers from either thiols (RSH) or analogous disulfide
adsorbates (RSSR) on gold both yield monolayers of
similar structure.35

GNP Characterization. To develop a nanoparticle-
based drug delivery system, size and surface charge
are crucial parameters that will determine the biodis-
tribution, pharmacokinetics, toxicity, and tumor pene-
tration potential. Ideally, the nanoparticle size should
be above 10 nm to avoid renal clearance36 and below
100 nm with a neutral or negative charge to avoid
clearance by phagocytic uptake and hepatic filtration.37

Particles smaller than 100 nm easily penetrate tumor
tissues as the size of their fenestra is approximately
100 nm.38 Transmission electron microscopy (TEM)
imaging revealed that GNPs had an average diameter of
25 nm (Figure 2a). Dynamic light scattering indicated
that coating the GNPs with G-block polymers increased
the hydrodynamic size of the GNPs in comparison
with unmodified GNPs, while zeta-potential measure-
ments indicated that both unmodified GNPs and GNPs
coatedwithG-block polymerswere negatively charged
(Figure 2b). The difference in the TEM andDLSmeasure-
ments is attributed to the polymer on the GNPs. Hydro-
dynamic sizes of the polymer-coated GNPswere greater
than those determined by TEM due to the formation of
protective layers of polymer bound covalently to the
surface of the particles. These zeta-potential results are
consistent with literature reports that plain spherical
GNPs are negatively charged.39Guluronic andmannuro-
nic acids are negatively charged at neutral pHdue to the
presence of carboxyl groups,40 hence G-block-coated
GNPs remain negatively charged. Interestingly, the zeta-
potential measurements indicated that, prior to the
functionalization, GNPs are more negatively charged
than GNPs coated with the negatively charged G-block
polymers. This is likely because functionalization with
the G-block polymers is in fact a displacement by them
ofmany negatively charged citrate ions, which results in
reorganization of the surface charge of the particles and
the corresponding change in zeta-potential. For poten-
tial applications such as specific cell targeting, the
negative charge of the particles could help to reduce
nonspecific uptake since interactions with negatively
charged membranes on cells are less favorable. It has
beendemonstrated that neutral andnegatively charged
gold nanoparticles adsorbed much less on the nega-
tively charged cell membrane surface, in comparison
with positively charged particles.41 Interestingly, nega-
tively charged carboxyl groups on the surface of the

nanoparticles have been reported to be less toxic than
positively charged amine groups on the nanoparticle
surface.42 This observation is insightful for the use of
alginate-derived polymers as GNP coating agents since
they contain a carboxyl group on each sugar residue in
the polymer.

It is known that aggregation of GNPs occurs when
the electrostatic repulsive forces produced by the
negative surface of the GNPs are outbalanced by the
van derWaals attractive forces between the particles.43

To verify if nanoparticle aggregation occurs in condi-
tions whichwould challenge the electrostatic repulsive
forces between the particles, GNPs were centrifuged
and suspended in phosphate buffered saline (PBS).
Hydrodynamic diameter measurements of the mod-
ified GNPs in PBS indicated they have a stable size for
20 days after being resuspended in PBS (Figure 2c),
unlike unmodified GNPs for which hydrodynamicmea-
surements revealed a size of 625 nm, clearly indicating
severe aggregation. This observation supports the
assumption that coating the particles with cysteine-
functionalized alginate-derived polymers provides ex-
tra stability to the GNPs in comparison with the
unmodified GNPs. Another way of verifying the stabi-
lity of the particles is by UV�vis absorption measure-
ments. The plasmon resonance absorption band is
an excellent probe for monitoring aggregation of
GNPs because of its high sensitivity toward the
dielectric environment of the metal nanoparticles.
It is known that, upon aggregation of the particles,
an intense long-wavelength band (>600 nm) will
develop.44 Monodisperse GNPs of 25 nm diameter
have a peak of absorption at 525 nm and have a red
color when they are kept in neutral solvents such as
water. Typically, unmodified GNPs spontaneously turn
gray when they are centrifuged and resuspended in
PBS, indicating agglomeration of the particles. Mea-
surements of the absorption of the suspensions of
GNPs were taken and compared with those of unmo-
dified GNPs (Figure 2d) both in water and in PBS. When
G-block-coated GNPs were resuspended in PBS, they
retained a peak of absorption at 525 nm, confirming
that GNPs coated with G-block polymers are more
stable than unmodified GNPs. To verify if the enhanced
stability of GNPs in the presence of G-block polymers is
indeed due to the covalent Au�S bonds, G-block
polymers with extremely low degrees of thiol substitu-
tion (DS = 0.2, DS = 0) were tested as well and did not
provide any stability to the GNPs, as they sponta-
neously turned dark blue when resuspended in PBS,
confirming that there is a critical minimum DS needed
to ensure the covalent binding of the G-blocks to the
GNPs that results in their stabilization.

In order to estimate the number of G-block poly-
mers per GNP, thermogravimetric analysis (TGA) was
performed for the cysteine-functionalized G-block
polymer, unmodified GNPs, and G-block-coated GNPs
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(Figure 2e). Weight loss at temperatures below 100 �C
corresponds to evaporation of water in the samples.
TGA of the cysteine-functionalized G-block polymer
indicates that there is some residual weight that
cannot be eliminated even by increasing the tempera-
ture up to 600 �C. This residual weight corresponds to
the presence of salts, which originate from the synth-
esis of the polymer, as the polymers were dissolved in
MES/NaCl buffer during the cysteine attachment to the
polymers. TGA qualitatively reveals the covalent at-
tachment of polymers on the surface of the GNPs. In
the case of unmodified GNPs, there is no significant
weight loss in comparison with the polymer-coated
GNPs. The small weight loss observed with the unmo-
dified GNPs as the temperature was raised from 100 to
600 �C (1.6 ( 0.04%) corresponds to the citrate mol-
ecules which were added as stabilizing surfactant as
per the synthesis of the GNPs. The derivative of the
weight % versus temperature indicates at what tem-
perature the highest weight loss occurs. By comparing
the TGA measurements of the polymer alone with
those of the polymer-coated GNPs, one can observe
that the temperatures for burning off the polymers
which are attached to the GNPs is significantly higher
than the temperature for burning off the polymer
alone. Indeed, for G-block polymers that are not at-
tached to gold nanoparticles, the major weight loss
occurs around 250 �C. Upon attachment to the gold
nanoparticles via thiol�gold covalent bonds, the tem-
perature at whichmaximal weight loss occurs is shifted
to 330 �C. This temperature shift indicates the strength
of the chemisorption of the polymers onto the gold
surface, and that more energy is required to break the
covalent bonds and fully burn the polymer. In average,
the weight loss between 100 and 600 �C for G-block-
coated GNPs was 3.5 ( 0.7%. When it is assumed that
all GNPs have a mean diameter of 25 nm and are of
spherical shape, the weight of a single GNP is approxi-
mately 0.16 fg. Since the polymer was added in excess
in comparison with the GNPs and was allowed to react
for a long time, one can assume that the polymer
will displace some of the weakly bound citrate mol-
ecules from the GNPs, upon binding to the GNPs. In the
scenario where all of the citrate molecules are dis-
placed, the weight of G-block polymers per GNP rep-
resents 3.5% of the GNP weight and hence is corre-
sponding to approximately 495 G-block molecules
bound to one GNP. In the scenario where none of the
citrate molecules are displaced away, the weight of
G-block polymers per GNP represents 1.9% of the GNP
weight and hence is corresponding to approximately
270 G-block molecules bound to one GNP. Hence, the
number of G-block polymers per GNP is probably at
an intermediate number between 270 and 495. If
each polymer is bound to the gold nanoparticle via

its terminal end (tightly bound monolayer in brush
structure), the theoretical number of polymers which

would be able to bind to one GNP, equivalent to the
total surface area of the gold nanoparticle divided by
the parking area of the thiol headgroup,45 is 445
molecules. Another possible configuration is that
the polymers lay flat on the particle. If one assumes
that theG-blocks are arranged as aflat layer, thenumber
of G-block polymers that would be able to bind to the
GNP would be equivalent to the surface area of the
GNP divided by the polar surface area of the G-block
molecule. According to Chemspider database, the
polar surface of guluronic acid and mannuronic acid
is 80.29 Å2. Since the G-block polymers have approxi-
mately 38 guluronic acids, the total surface area of the
G-block molecule is 3051 Å2. In the flat layer assump-
tion, the number of G-block molecules that should be
able to bind to a single GNP is approximately 64. TGA
measurements indicate that the G-block molecules are
arranged in an intermediate conformation between
brush and flat configurations. Although these calcula-
tions are based on several assumptions, which are
nevertheless reasonable, the TGA measurements pro-
vide a good insight into the general configuration in
which the G-block molecules are arranged on the
particles. In comparison, TGA measurements of PEGy-
lated GNPs clearly indicated that the PEG molecules
were arranged in a brush structure, which is consistent
with literature reports (see Supporting Information).

In Vitro Characterization. Quartz crystal microbalance
(QCM) results indicated that unmodified GNPs strongly
adsorb to bovine serum albumin (BSA) (Figure 3a), as
there is a significant drop in the frequency shift once
the sensor is exposed to the GNPs. Upon surface
modification of the GNPs with G-blocks, the modified
GNPs do not get adsorbed onto BSA (Figure 3b).
Similarly, MVG-coated and PEGylated GNPs did not

Figure 3. (a) QCM profile of unmodified GNPs: the signifi-
cant drop in frequency shift upon the addition of GNPs
indicates the strong adsorption of unmodified GNPs to
serum proteins. (b) QCM profile of G-block-coated GNPs,
indicating that G-block-coated GNPs do not adsorb to
serum proteins.
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get adsorbed onto BSA (Supporting Information).
This is consistentwithwhathasbeenpreviously reported,
as BSA binds spontaneously to the surface of citrate-
coated GNPs primarily due to electrostatic interactions.46

In general, the nonspecific binding of BSA to various gold
surfaces coated with self-assembled monolayers is
favored in the following order: hydrophobic > �COO� >
�NH3

þ > �OH > ethylene glycol.47�49 In vivo, non-
specific adsorption of proteins on the nanoparticle
surfacemay cause (1) particle agglomeration and clear-
ance from the RES, preventing the particles from
delivering drugs to the target site, and (2) the non-
specific binding of the particles to cell membranes and
the extracellular matrix, leading to inefficient tagging.50

It is generally known that coating surfaces with PEG
molecules results in the reduction in adsorption of
biomolecules on the surface-modified substrates. It is
thought that the PEG layer might provide an interfacial
barrier to prevent proteins from interacting with the
underlying substrate, and this protein-rejecting prop-
erty is thought to depend on several parameters,
including PEG molecular weight, polymer chain archi-
tecture, andmost importantly the interfacial PEG chain
density.51 Similarly, the alginate-derived polymers
likely provide an interfacial barrier between the GNPs
and the proteins, preventing their interaction. It is
believed that serum proteins acting as opsonins con-
tribute significantly to the interaction of macrophages

Figure 4. (a�d) In vivo fluorescence images of the mice taken at 28 h, 51 h, 5 days, and 1 week after retro-orbital injection of
G-block-coatedGNPs. (e) Pharmacokinetic profile of G-blockGNPs, with exponential curvefit indicating that theseGNPs had a
half-life of 59 h in the peripheral blood of mice (values represent mean (n = 4), and standard deviation).
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with particles.52 The low affinity of the GNPs coated
with alginate-derived polymers for the serum protein
albumin is promising, as one of the primary ways GNPs
are cleared from the body is by uptake of phagocytic
cells mediated by protein interactions via complement
receptors, mannose receptors, and Fc-γ receptors.53 It
is generally thought that when nanoparticles are in-
troduced in the blood, serum albumin and fibrinogen
dominate the particle surface for short periods of time,
whereas lower-abundance proteins with higher affi-
nities and slower kinetics might ultimately displace
them.54 In this context, for consideration of nonspecific
protein adsorption on the surface of alginate-coated
gold nanoparticles, we tested the affinity of the GNPs
to serum albumin. Although there are more sensitive
methods to measure the adsorption of proteins to
nanoparticles, such as size-exclusion chromatography
(SEC), isothermal titration calorimetry (ITC), and surface
plasmon resonance (SPR),54,55 QCM provides an alterna-
tive tool to qualitatively verify if the surfacemodification of
theparticles reduces theamountofprotein that adsorbs to
the GNPs,56�58 which was the goal of this study. Further-
more, although several other proteins are known to bind
to nanoparticles, the goal of this assay was to verify if the
surface modification contributes to the reduction of pro-
tein adsorption in general in a similar way as PEG.

In Vivo Study. Mice were injected with GNPs coated
with cysteine-functionalized G-block polymers, which
had been fluorescently labeled with NIR dye (Hylite
750, AnaSpec, Inc.). A control mouse is placed in the
center of all the pictures, surrounded by mice that
received G-block-conjugated GNPs (Figure 4a�d). The
G-block-coated GNPs circulated in the peripheral blood
for up to a week, but by 11 days the fluorescence radiant
efficiency of the mice injected with the particles was
nearly equivalent to that of the control mouse, suggest-
ing that the GNPs were mostly cleared by that time
(Supporting Information). The measured half-life of
G-block GNPs was approximately 59 h. As a comparison,
20 nm GNPs coated with PEG (MW = 5000) have been
reported to have a blood circulation half-life of approxi-
mately 32 h in BALB/cJ mice.36 Unmodified spherical
GNPs have been reported to be rapidly cleared, with only
0.004% of 15 nm GNPs, 0.002% of 50 nm GNPs, 0.0002%
of 200 nm GNPs, and no detectable 100 nm GNPs
remaining in the circulation at 24 h.59 Hence, we can

conclude thatG-blockmolecules coatedon the surfaceof
theGNPshelp to increase thecirculation timeof theGNPs
in comparison with unmodified GNPs and this is most
likely a result of (1) providing better stability to the
nanoparticles and (2) reducing protein adsorption thus
reducing clearance by macrophages in the RES. Other
possibilities might explain the increased circulation time
of the G-block-coated GNPs. For instance, in vivo gelation
may have occurred between the different polymers in
the presence of the Ca2þ ions that are naturally present in
the interstitial volume, causing the particles to be cross-
linked and to accumulate in various tissues of the body.
However, thiswouldhavecaused theparticles tobecome
greater in size and likely more rapidly recognized and
eliminated. Further, pharmacokineticmeasurements and
the images of themice injectedwith GNPs indicated that
the GNPs were present in the peripheral blood. Future
studies will be required to assess how these GNPs are
altered upon introduction to the blood. G-block-coated
GNPsmay be quite useful for sophisticated drug delivery
systems, due to the ready functionalization of the
G-blocks and their gelling properties. One could target
G-block-coated GNPs to specific tissues in the body
where they could then be cross-linked thanks to high
calcium concentrations in the interstitial volume and be
trapped to deliver drugs in a sustainedway. Furthermore,
thepH-dependent charges of alginate couldbe exploited
for controlling localization and transport ofG-blockGNPs.

CONCLUSION

In conclusion, we have shown that cysteine-functio-
nalized alginate-derived polymers can be used to coat
the surface of gold nanoparticles to increase the
stability of the GNPs and reduce the adsorption of
GNPs to proteins. The multiple functional groups of
alginate-derived polymers allow ready functionaliza-
tion with cysteines and fluorescent dyes. Furthermore,
we observed that these modified GNPs circulated in
the peripheral blood of mice for up to a week. Overall,
this study describes a novel approach to coat the surface
of gold nanoparticles providing a direct alternative that
bypasses some of the well-known limitations of PEGyla-
tion as a means to stabilize nanoparticles and also holds
great therapeutic potential for a variety of targeted drug
delivery strategies thanks to the unique properties of
alginate polymers.

METHODS
Gold Nanoparticle (GNP) Synthesis. GNPs were synthesized using

the procedure reported by Frens.9 A volume of 390 mL of
double distilled water was used to dissolve 0.1 mmol of gold(III)
chloride trihydrate and boiled under stirring conditions. Imme-
diately after boiling, a volume of 10mL of sodium citrate tribasic
dihydrate solution (0.017 mM) dissolved in distilled water was
quickly added. The final solution was readjusted to 400mL with

distilled water to compensate for evaporation, and the resulting
concentration of the GNP solution was 0.04 mg/mL.

Gel Permeation Chromatography (GPC). GPC of the polymers was
performed at 30 �C on a Viscotek GPCmax VE 2001 equipped
with Viscotek TDA 305 triple detector array using 2 Viscotek
A5000 columns (dimensions 300 � 7.9 mm) at a flow rate of
1 mL/min. The mobile phase and the solvent for the samples
were composed of high purity water containing 1 g/L sodium
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azide and 4.2 g/L sodium nitrate. The GPC was calibrated with a
PEO standard purchased from American Polymer Standards
Corp. (PEOX100K).

Preparation of the Samples for NMR. The samples were dissolved
in D2O (100% D) and repeatedly freeze-dried to ensure full
isotope exchange and suppression of proton signals from H2O
and all other exchangeable protons. The solid polymer (10 mg)
was then dissolved in 0.6 mL of D2O to which acetonitrile (0.3%)
was added as internal standard (σ = 2.06 for the acetonitrile
methyl group). The 1H NMR spectra (400 MHz, Varian Unity)
measured at 80 �C and 100 scans (pulse angle = 63�, acquisition
time = 3.744 s, and relaxation delay = 1 s) were obtained from
Custom NMR Services, 77 Pine Ridge Drive, Ayer, MA 01432,
USA.

Incorporation of Cysteines on Alginate-Derived Polymers. A 1% w/v
polymer solution was prepared in MES (0.1 M)/NaCl (0.3 M)
buffer in double distilled water. The polymer was chemically
modified utilizing aqueous carbodiimide chemistry. A water-
soluble carbodiimide, 1-ethyl-3-(3-dimethylaminopropyl)-
carbodiimide (EDC) was added to the solution of polymer. This
was followed by the addition of L-cysteine hydrochloridemono-
hydrate. A molar ratio of 1:1.75 was used for G-block/cysteine,
while a molar ratio of 1:5 was used for MVG/cysteine. After
addition of L-cysteine, the pH was adjusted to 4 with HCl (1 M)
and the reactionwas stirred at room temperature for 2 h. The pH
was then raised to 6 with NaOH (1 M), and the solution was
stirred for an additional hour. The solution was then filtered in
sterile conditions and dialyzed with an Amicon Ultra-15 cen-
trifugal filter unit with Ultracell-30 membrane (MWCO 3500) in
4 L containing 1mMHCl on the first day and 1mMHCl and 40 g
of NaCl on the second and third day. The dialysis was then
continued with decreasing salt concentrations in 4 L of double
distilledwater (30g� 25g� 20g� 15g� 10g� 5g� 0g� 0g�
0 g� 0 g). This was then filtered in sterile conditions and lyophilized
until it became completely dry.

Coupling Cysteine-Functionalized Polymers to GNPs. To couple
GNPs with the cysteine-functionalized alginate-derived poly-
mers (either G-block or medium viscosity high guluronic acid
MVG containing polymer), the cysteine-functionalized polymer
was reconstituted in double distilled (dd) water (0.5% w/v) and
stirred overnight. Gold nanoparticles in solution were then added
drop by drop to the stirred polymer solution. The weight ratio of
polymer/GNPswas 25:1. GNPswere then centrifugedat 10000 rpm,
washed with dd H2O, and finally resuspended in dd H2O.

GNP�Protein Interaction Study. To determine if G-block-coated
GNPs adsorb to proteins, quartz crystal microbalance-dissipa-
tion (QCM-D) measurements were taken with QSense E4 instru-
ment with a gold crystal sensor, which had a resonance
frequency at 4.95 MHz. Bovine serum albumin (BSA) dissolved
in PBS (1 mg/mL) was first passed through the sensor module
such that BSA forms a well-adsorbed monolayer on the sensor.
This was then followed by a wash with PBS and a wash with dd
H2O to remove unbound BSA. A solution of gold nanoparticles
was then passed through the sensor module, followed by a
water wash to remove unbound GNPs.

Coupling Hylite 750 Hydrazide to G-Block-SH. One hundred milli-
grams of cysteine-functionalized G-block polymer obtained in
the previous step was dissolved in 20 mL of salt buffer (0.1 M
MES, 0.3 M NaCl buffer, pH = 6.5) by stirring it overnight at room
temperature. Then, 2.081 mg of EDC dissolved in 10 mL of MES-
NaCl buffer was added to the aqueous G-block under rapid
stirring. This was immediately followed by the addition of
3.675 mg of hydroxy-2,5-dioxopyrrolidine-3-sulfonic acid sodium
salt (Sulfo-NHS, Sigma Aldrich 56485) which was dissolved in
10 mL of MES-NaCl buffer. Finally, 2 mg of Hylite 750 hydrazide
which had been dissolved in 10 mL of dd H2O was added to the
reaction mixture. This was stirred at room temperature for 20 h.
The reaction was then quenched with 1.8 mg of hydroxylamine
hydrochloride (Sigma 159417). The solution was then filtered
through a 0.22 μm filter under sterile conditions and dialyzed
with Amicon Ultra-15 centrifugal filter unit with Ultracell-30
membrane (MWCO 3500) in 4 L with decreasing salt amounts
(30 g� 25 g� 20 g- 15 g� 10 g� 5 g� 0 g� 0 g� 0 g� 0 g).
The solution was then filtered through a 0.22 μm filter under

sterile conditions. This was then freeze-dried until completely
dry.

Thermogravimetric Analysis. TGA was performed with a TGA
Q5000 V3.10 Build 258 instrument. GNPs were centrifuged and
washed twice to remove any excess polymer; the remaining
pellet of GNPs was then kept in an oven at 60 �C for 2 h to
evaporate water asmuch as possible. Samples of approximately
0.6 mg were placed in platinum (100 μL) pans, and the
temperature was ramped up by 10 �C per minute. For analyzing
the polymers alone, they were enclosed with a TZero pan and
TZero lid purchased from TA Instruments, to ensure they do not
become volatile with increasing temperatures.

In Vivo Study. To verify the biodistribution and blood phar-
macokinetics profile of G-block GNPs, an in vivo study was
performed. All animal work was performed in compliance with
NIH and institutional guidelines. Female C57BL/6J mice aged 10
weeks were used for these studies. The cysteine-functionalized
G-block polymers were labeled with Hylite 750 fluorescent dye
and coupled to the GNPs. A volume of 0.2 mL of sterile dd H2O
containing 1 mg of G-block-coated GNPs was retro-orbitally
injected in mice (n = 8 for each group). All of the injected
solutions were sterile filtered prior to injection. Mice were
imaged with a Xenogen IVIS using a 720 nm excitation and
820 nm emission. Images of the ventral side of the mice bodies
were taken, and mice were shaved on the ventral and dorsal
parts of their bodies to minimize attenuation of the fluorescent
signal by hair. Blood (60 μL) was also collected from the mice at
different time points, and the fluorescence radiant efficiency
was measured with the Xenogen IVIS to establish the pharma-
cokinetics of the G-block GNPs. The blood half-life of the
G-block GNPs was estimated by plotting the normalized fluo-
rescence radiant efficiency of the blood (normalized to fluores-
cence radiant efficiency of the blood of controlmicewhichwere
injected with 0.2 mL of dd H2O) versus time.
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