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Hypothesis: A facile, dialysis-based synthesis of stable near infrared (nIR) absorbing plasmonic gold nano-
particles (Amax = 650-1000 nm) will increase the yield of nIR particles and reduce the amount of gold col-
loid contaminant in the product mixture.

Experiments: Chloroauric acid and sodium thiosulfate were reacted using a dialysis membrane as a reac-
tion vessel. Product yield and composition was determined and compared to traditional synthesis meth-
ods. The product particle distribution, yield, and partitioning of gold between dispersed product and
membrane-adsorbed gold were determined.

Findings: The synthesis results in polydisperse particle suspensions comprised of 70% spheroid-like par-
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CS(;ating ticles, 27% triangular plates, and 3% rod-like structures with a 3% batch-to-batch variation and a promi-
Dialysis nent nIR absorption band with /.« = 650-1000 nm. The amount of small gold colloid (Zmax =530 nm;
DiaSynth d <10 nm) in the isolated product was reduced by 96% compared to traditional methods. Additionally,

91.1% of the gold starting material is retained in the solution-based nanoparticle mixture while 8.2% is
found on the dialysis membrane. The synthesis results in a quality ratio (QR = Abs"®?/Abs>*?) of 1.7-2.4
(twice that of previous techniques) and 14.3 times greater ODxml yield of the nIR-absorbing nanoparticle

fraction.

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The production of gold nanostructures such as nanoplates,
nanoshells, and nanorods with plasmon resonance frequencies in
the near infrared (nIR) region of the electromagnetic spectrum is
currently an area of growing research focus [1-4]. The importance
of the nIR region (650-900 nm) in medicine is due to the high
transmission and low absorption of light by native tissue compo-
nents, such as water and hemoglobin [6-8]. Thus, nIR light has
minimal interference with tissue and interacts strongly with exog-
enous materials that absorb nIR light. This enables targeted drug

Abbreviations: niR, near infrared; GNP, gold nanoparticle; nIR-GNP, near
infrared absorbing gold nanoparticle; CTAB, cetyltrimethylammonium bromide;
QR, quality ratio; Abs, absorbance; MWCO, molecular weight cutoff; SEM, scanning
electron microscopy; OD, optical density.
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delivery and biosensing, as well as combined therapeutic and
imaging (theranostics) capabilities such as nIR imaging and photo-
thermal treatment in situ [7,9-14].

To date, a number of methods have been employed to synthe-
size gold nanoparticles (GNPs), including nanoshells [15-19],
nanorods [20-27], nanocages [28-30], nanostars [31-34], and
nanoplates [35-51] that absorb in the nIR spectral region. Although
these methods produce nIR-GNPs, they are typically seed mediated
syntheses that require multiple steps, use toxic agents, difficult to
remove surfactants (i.e. CTAB) or require laborious purification
steps that significantly reduce product yield. However, of the above
mentioned techniques, one of the most promising approaches to
synthesizing nIR particles is through the reaction of chloroauric
acid (HAuCly) with a sulfur-containing reducing agent (i.e. sodium
sulfide or sodium thiosulfate) using either a 1- or 2-step process
[49,50,52-58]. The reaction with either of the sulfur reagents can
be performed at room temperature and produce similar products.
Sodium sulfide (Na,S) is typically “aged” for several days in
solution, prior to the reaction, during which time sodium thio-
sulfate (NayS,03) and potentially other oxidized sulfur species
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(S,0%", SO3~, or SO%7) are generated [54]. The products of this
reaction are separated into two major classes: colloidal gold nano-
particles (2-10 nm diameter) with a plasmon resonance peak at
~530 nm, and a nIR-absorbing fraction (nIR-GNP) with a resonance
wavelength that can vary from 650 to 2000 nm depending on the
synthesis conditions. The particle sizes and geometries reported
in the literature for the nIR-absorbing fraction vary widely and
are typically polydisperse, with spheroids, triangular nanoplates,
nanorods, and various other polyhedra ranging in size from 30 to
100 nm [52,55,56]. While the identity of the spheroidal particles
in the nIR fraction is the subject of considerable debate (colloidal
aggregates vs. gold/gold sulfide nanoshells), the present work is
primarily concerned with increasing the yield of the triangular
nanoplates, which show intense absorption in the nIR range
[7,49,51-55,59-61]. In addition to the intense nIR absorbance of
gold nanoplates, the plasmon resonance frequency is dependent
on the geometric properties of the plates (i.e. edge length, plate
thickness, and vertex shape) and is therefore tunable depending
on the reaction conditions used for synthesis [42,50,62].

Unfortunately, uptake of some non-therapeutic (non-nlR) parti-
cles has the potential to lead to increased oxidative stress and
immune response [63-65]. For therapeutic applications, the colloi-
dal gold fraction can be considered a contaminant and is typically
separated from the nIR-absorbing fraction through multiple rounds
of centrifugation [7]. While effective, this purification process
results in a significant loss in the yield of therapeutic particles that
remain within the supernatant or experience irreversible
aggregation.

The ratio of absorbances (optical densities, OD) of the nIR reso-
nance maximum (Abs™®) to the absorbance maximum for colloidal
gold (Abs>3°"™) herein defined as the quality ratio (QR = Abs"®/
Abs>30"™) can be used to assess the purity of a particular batch
of particles in terms of nIR content. Typical “traditional” synthesis
processes have been shown to produce QRs ranging from 0.8 to 1.2
[7,13,50,52,54]. However, after multiple rounds of centrifugation,
the QR has been shown to improve to between 1.5 and 2.0, respec-
tively [7,50].

As a result, significant room for improvement exists in the pro-
duction of nIR particles through the gold salt/sulfur reductant
route in terms of maximizing the yield of the nIR fraction, eliminat-
ing colloidal contaminant in the final product, improving the tun-
ability of the nIR resonance frequency, and improving the
reproducibility of the morphologies of the nIR-GNP. Therefore,
the purpose of this work is to report on a new one-pot synthesis
methodology, called DiaSynth, which uses a regenerated cellulose
dialysis membrane as a reaction vessel to react HAuCl, with Na,S,_
05 to reproducibly synthesize nIR-GNPs in high yield without addi-
tional purification processes. This self-assembly process also
enables in situ coating of nanoparticles and auxiliary utilization
of the dialysis membrane as an effective tool to separate the coated
product from the excess coating molecules.

2. Results and discussion
2.1. Non-Dialysis synthesis route

For comparison of the proposed dialysis-based synthesis
approach, we have chosen the previously reported 1-step reaction
between chloroauric acid and sodium thiosulfate as a model for a
typical synthesis of these particles in the literature [54]. Upon mix-
ing of the gold and thiosulfate solutions, a burgundy/gray suspen-
sion quickly developed. Progress of the reaction was followed via
UV-visible spectroscopy, which revealed that the spectrum of the
mixture remains constant after 1h, implying completion of the
reaction, Fig. 1. A typical quality ratio (QR = Abs™®/Abs>30"™) for
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Fig. 1. Normalized spectral profiles of the products from the traditional 1-step
method with chloroauric acid and sodium thiosulfate before (solid line) and after
(dashed line) a 3x centrifugation process.

the reaction at this point is 0.83, implying that colloidal gold is
abundant in the product mixture. The hydrodynamic diameter
(via dynamic light scattering) and zeta potential measurements
of these particles were 34.4 nm and —34.6 mV, respectively. After
combining the pellets from three rounds of centrifugation
(1150g, 20 min) and re-suspending in DI H,0, the UV-vis spectrum
of the suspension reveals that the QR has increased to 1.95, indicat-
ing that nIR particles have been separated during purification. The
hydrodynamic diameter and zeta potential of the sample remain
relatively unaffected by the centrifugation process, measuring
34.8 nm and —36.9 mV, respectively.

The selection of Na,S,05 over Na,S was made due to several fac-
tors. Optimal literature preparations using Na,S require aging the
Na,S solution for several months [54]. The volume of Na,S, its con-
centration, and duration of aging all potentially effect the position
of the nIR peak of the product nIR-GNPs. This has been attributed
to a chemical change during the aging process of Na,S solution,
where Na,S,05 is the likely product due to oxygen exposure to
form sulfur oxide species [54]. Additionally, compared to the
Na,S solution, the Na,S,03 solution is more stable and its aging
has no effect on the synthesis [54].

The Na,S,03 plays two roles during the GNP synthesis: reducing
agent for reduction of Au®* to elemental Au, and capping agent. In
the second role, Na,S,03 consumed during the reaction produces a
variety of sulfur-based compounds (e.g. S,02, SO, or SO%™), that
are potential capping agents that can bind to the gold particle and
contribute to asymmetric gold crystal growth [54]. Despite the
variety of nanostructure morphologies in the product mixture, all
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Fig. 2. Normalized spectral profiles of the products from DiaSynth with 2, 3.5, 6-8,
and 12 kDa MWCO dialysis membranes.
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Table 1

Hydrodynamic diameter, zeta potential, quality ratio (QR) and absorbance maxima for
products from the traditional 1-step synthesis and DiaSynth with various MWCO
dialysis membranes.

MwCO Hydrodynamic Zeta potential QR (Absyr/ Amax
(kDa) diameter (nm) (mV) AbSs30nm) (nm)
0 344 -34.6 0.83 773
2 48.75 -26.4 1.35 859
35 58.77 -353 1.54 744
6-8 62.90 -29.9 1.57 747
12 60.23 -30.3 1.65 799

of the structures produced by the reaction, seem to be typified by a
fcc lattice structure [51].

2.2. Synthesis of nIR gold nanoparticles in regenerated cellulose
membrane (DiaSynth)

The DiaSynth process is analogous to the traditional 1-step syn-
thesis with the exception of utilizing a dialysis membrane as a
reaction vessel submerged in DI water. Molecular weight cut-offs
(MWCO) of 2, 3.5, 6-8, and 12 kDa were utilized. The reaction is
complete after a 1 h period. The normalized spectral profiles for
the reaction product for DiaSynth, as well as the traditional 1-step
synthesis are displayed in Fig. 2. The average hydrodynamic diam-
eter, zeta potential, /max, and QR for each batch can be found in
Table 1.

The average particle size derived from the DiaSynth procedure
for all MWCO dialysis membranes is larger than those from the
non-dialysis method. Similarly, a shift in particle population toward
nIR-GNPs, where the particle morphology is dominated by 30-
40 nm multi-faceted spheroid-like particles and 60-80 nm triangu-
lar nanoplates, vida infra [51]. These lower-symmetry structures
have been shown to absorb strongly in the nIR region, compared
to spherical particles that absorb primarily between 520 and
580 nm. As the MWCO of the dialysis membrane is increased, both
the average hydrodynamic diameter and QR of the particles also
increase. There was also an initial blue shift in the nIR absorbance

maximum as the MWCO increased up until 6-8 kDa, with the
3.5kDa and 6-8 kDa membranes producing nIR peaks near
750 nm. However, when the MWCO is increased to 12 kDa, a red
shift occurs that places the nIR maximum at 799 nm. The highest
QR ratio (QR = 1.65) was produced by the 12 kDa membrane. The
zeta potential for each batch varies between —26.4 mV and
—35.3 mV for the various MWCO with no discernible trend between
MW(CO and zeta potential. All particle suspensions, regardless of
MW(CO, were found to remain stable for several weeks based on
the nIR absorbance values (data not shown).

2.3. Comparison of DiaSynth to traditional 1-step synthesis

TEM imaging of the particles from both the non-dialysis and
DiaSynth (12 kDa MWCO) routes reveal very similar sizes and mor-
phologies for the larger spheroid, rod, and triangular shaped parti-
cles, Fig. 3. For both samples, spheroidal particles with diameters
ranging from 20 to 40 nm and triangular plates with edge lengths
of 50-100 nm are prevalent.

There is, however, based on Image] [66] software analysis of the
images, a 96% decrease in colloidal gold (<10 nm) present in the
DiaSynth samples compared to the non-dialysis samples.

This coincides with the shift to higher hydrodynamic diameters
and QR for the DiaSynth samples as colloidal gold is not as preva-
lent in the product mixture. Statistical analysis of the DiaSynth
TEM images reveals a nIR-absorbing particle distribution of 70%
spheroid-like (diameter ~33.5 nm), 27% triangular plates (apex
~80 nm), and less than 3% others (rods, truncated octahedrons,
length ~75.1 nm), Table 2. By comparison, the traditional 1-step
procedure leads to a nIR-absorbing particle distribution of 79%
spheroid-like (diameter ~21.8 nm), 18% triangular plates (apex
~35.6 nm), and 3% others (length ~73.0 nm). Although both meth-
ods produce a very similar nIR-absorbing particle distribution, the
near elimination of colloidal gold in the DiaSynth product presents
a far superior approach to producing batches of nIR-absorbing par-
ticles. It is important to note, the nIR peak is dependent on the size
of the triangular plates (i.e. apex ~40 nm and ~65 nm show nIR
peak of 700 and 800 nm, respectively); therefore, synthesis param-
eters (i.e. concentration, volume, MWCO membrane, etc.) can be

Fig. 3. TEM images of particles from the traditional 1-step synthesis (A-C) at different magnifications, and the DiaSynth Process (D-F) at different magnifications
demonstrating the greatly reduced colloidal gold contamination found in the DiaSynth process.
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Table 2
GNPs size and percent analysis of DiaSynth and Traditional one-step synthesis.
Traditional one-step DiaSynth
Size (nm) Percent Size (nm) Percent
Spheres 21.8 78.7 335 70
Plates 35.6 18 80.0 26.7
Other 73 33 75.1 3.3

Table 3
Yield calculations for DiaSynth and the traditional 1-step synthesis methods.
DiaSynth Non-dialysis
As made 55 mLs @ 7.5 OD 55 mLs @ 2.5 OD
After multistep centrifugation - 0.34 mLs @ 117 OD
Final yield (OD - mL) 412.5 289
Quality ratio 2.36 2.38

OD = optical density.

modified to adjust the size of triangle plate formation to favor a
specific nIR peak. There is only a 3% variation in product morphol-
ogy distribution between batches for the DiaSynth process, sug-
gesting that despite the polydisperse nature of the product
particles the DiaSynth process leads to a highly reproducible prod-
uct distribution. This reproducibility in particle morphology may
be due to the high volume of dialysate (8 L) acting as a temperature
buffer that provides a relatively consistent environment around
the surface of the dialysis membrane during the reaction process.

To directly compare the overall yield of the DiaSynth process
with the traditional 1-step synthesis, batches of nanoparticles
were fabricated using each method with identical reaction vol-
umes, Table 3. The optical densities (OD) of both samples were
measured after the initial reaction. Due to the presence of colloidal
gold in the traditional 1-step synthesis, multiple centrifugation
steps are required to purify the nIR fraction, whereas the DiaSynth
process requires no centrifugation step. The significance of the loss
of product during the centrifugation process can be determined by
calculating the yield of each reaction as OD - mL. Although the
quality ratios of the DiaSynth and post-centrifugation traditional
process samples are nearly identical, 2.36 and 2.38, respectively,
the yield of the nIR-absorbing fraction for DiaSynth is 14.3 times
higher than the traditional synthesis. It is important to note that,
for the centrifugation steps, utmost care was taken to maximize
yield and that the highest possible centrifugation speed that did
not result in irreversible sample aggregation was used.

2.4. Analysis of the membrane

The dialysis membrane used in the DiaSynth reaction acquires
an intense red/purple color following synthesis, implying that gold
particle formation is happening on or within the membrane itself,
or that particles forming in solution are adsorbing to the mem-
brane. In order to elucidate the mechanism by which the regener-
ated cellulose membrane is facilitating an increase in nIR particle
yield, the dialysis membrane used in the 12 kDa MWCO synthesis
was analyzed by UV-visible spectroscopy and SEM imaging. The
UV-visible spectrum of the dialysis membrane has peaks near
the same location as the product mixture at both 532 nm and
840 nm; however, the relative intensities of the peaks are reversed
compared to the liquid mixture, Figs. 2 and 4(A). This implies that
the membrane appears to predominantly either sequester or seed
the colloidal gold product. There is precedent in the literature for
regenerated cellulose membranes acting both as reductants and
scaffolds for the production of colloidal gold nanoparticles [67-70].

The carbonyl groups of the acetyl esters have been postulated to
form coordinate bonds to gold atoms that later serve as nucleation
sites for particle growth, while hydroxyl groups can directly reduce
the gold ions to facilitate particle formation [67]. Indeed, the intro-
duction of chloroauric acid into a 12 kDa MWCO regenerated cellu-
lose membrane without any sulfur reducing agent leads to the
formation of colloidal gold particles with an intense absorbance
maximum at 530 nm and no detectable peak in the nIR region
(data not shown). At room temperature, this reaction occurs at a
slower time scale (observable color change within 1 h) than the
reaction with thiosulfate (nearly instantaneous color change). It
is therefore doubtful that the membrane itself is contributing to
production of nIR-absorbing particles.

The UV-visible spectrum of the regenerated cellulose mem-
branes after reaction with chloroauric acid in the absence of other
reducing agents contains an intense absorbance at 530 nm,
Fig. 4(B). The lack of significant nIR absorbance again precludes
the participation of the membrane in production of nIR-GNP. The
presence of a nIR absorbance in the membrane after the DiaSynth
process is performed, suggests that nIR particles are simply adsorb-
ing to the membrane, while colloidal particles are potentially both
being seeded on as well as adsorbing to the membrane. SEM imag-
ing of the 12 kDa regenerated cellulose membrane after DiaSynth
reveals the presence of a large number of nearly spherical particles
with diameters of less than 10 nm, Fig. 5. It is assumed that the
absorbance in the nIR region of the membrane is due to these
aggregated clusters of large spheroid gold particles and nanoplates.
Examination of the SEM images of the DiaSynth membrane reveals
a small (<1%) amount of triangular plates adsorbed to the mem-
brane, which are the likely source for the nIR absorbance of the
membrane.

2.5. Analysis of the dialysate

In order to determine if gold particles were forming outside of
the dialysis membrane, the dialysate from the DiaSynth process
using a 12 kDa MWCO membrane was concentrated using a Rot-
ovap down to ~20 mL. At this concentration, the dialysate acquired
a faint red color and displayed an absorbance at 530 nm. It was ini-
tially unclear whether the particles are forming inside of the mem-
brane and then dialyzing out, or that the starting materials are
dialyzing out through the membrane and then forming nanoparti-
cles outside of the membrane. Given the average number of gold
atoms in 2 and 3 nm gold nanoparticles has been determined to
be 144 and 479, respectively [5,71], the associated molecular mass
for these particles (based solely on the gold core) would be

400 450 500 550 600 650 700 750 800 850 900
Wavelength (nm)

Fig. 4. UV-visible spectra of the dialysis membranes after (A) DiaSynth and (B) after
reacting chloroauric acid (no external reducing agent) in a 12 kDa dialysis
membrane.
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Fig. 5. SEM image of particles adsorbed to a 12 kDa dialysis membrane after the
DiaSynth process.

28.4 kDa and 94.3 kDa, respectively. Thus, this implies that even
2 nm particles are too large to traverse the largest MWCO dialysis
membranes used in this study (12 kDa), which suggests that the
particles found in the dialysate are most likely forming outside of
the dialysis membrane as gold precursors are dialyzed out of the
reaction mixture. Indeed, measuring the conductance of the dialy-
sate during a DiaSynth reaction shows a concomitant increase in
conductivity compared to control samples during the timeframe
of reaction, Fig. 6. This data suggests that particles are forming out-
side of the dialysis membrane as salts exit through the membrane
during the reaction.

2.6. Partitioning of gold between solution and membrane

In order to determine the percentage of gold starting material
that remains trapped in the regenerated cellulose membrane,
sodium cyanide was added to both 13.5 ml of the product mixture
in a 25 ml beaker and an equal volume of water containing the
regenerated cellulose membrane placed in a separate 25 ml beaker
to sequester all of the gold from the nanoparticles to form cyanoa-
urate complexes [72,73]. After treatment with cyanide, the absor-
bance of the samples at 215 nm is directly related to the amount of
cyanoaurate complexes formed, and thus, the amount of gold in
each portion of the product. For DiaSynth with the 12 kDa MWCO
membranes, 91.1% of the gold starting material is present in the
solution-based nanoparticle mixture and 8.2% is found on the dial-
ysis membrane. The remaining amount presumably is dialyzed out
during the reaction, leading to the appearance of colloidal gold in
the concentrated dialysate, vide supra. With knowledge of the per-

35 1

30 A

N N
o o
1 1

Conductance (uS)
&

10

™ x x x x x x x
0 10 20 30 40 50 60 70 80

Time (min)

Fig. 6. Conductivity measurements of the dialysate during a DiaSynth reaction (¢)
and during the same time period with just water in the dialysis membrane (X).

centages of colloid adsorbed on the membrane and the increased
numbers and sizes of the nIR particles in the DiaSynth method, it
becomes possible to suggest a possible mechanism regarding the
progress of particle growth during DiaSynth. The DiaSynth process,
due to the fast mixing of reagents and quick product formation, can
be considered as a burst nucleation of small particle seeds from a
supersaturated solution of reagents followed by a period of diffu-
sional growth of particles [74]. During such processes, seed nucle-
ation continues until the local concentration of monomers is
depleted, and nucleation slows. At the same time, some of the col-
loidal gold seeds are adsorbed onto the dialysis membrane, thereby
removing them from the reaction mixture, and leaving the remain-
ing monomers to participation in diffusional growth of the parti-
cles remaining in suspension. The removal of seed particles by
the membrane facilitates the growth of the remaining particles
into larger sizes than in the traditional synthesis method.

2.7. Surface coating reactions

The use of gold nanoparticles typically requires the addition of a
surface coating to tailor the chemical functionality at the nanopar-
ticle surface to a particular application [15-17,75]. The presence of
the dialysis membrane as a reaction vessel in Diasynth provides a
convenient “one-pot” system for both the synthesis of particles
and coating within the same apparatus. After 1 h following initia-
tion of a 12 kDa DiaSynth reaction, an excess of PEG-thiol (MW
5000 Da) was added to the dialysis membrane, and the mixture
was allowed to dialyze overnight. The following day the mixture
was transferred to a round-bottom flask and the water evaporated
under reduced pressure on a Rotovap to a concentration of 651 OD
with no loss in particle stability. This particle concentration value
was chosen since it would lead to instant aggregation and precip-
itation in non-coated samples. The hydrodynamic diameters of the
particles were found to increase from 41.55 to 48.46 nm after the
coating reaction, confirming the presence of the PEG coating. This
one-pot synthesis and coating technique eliminates the need to
first isolate the newly synthesized particles from any reaction
byproducts and allowing direct coating and purification of the
coated particles in situ.

2.8. Conclusions

The DiaSynth method for synthesis of nIR-absorbing gold nano-
particles represents a promising method for maximizing the yield
of nIR-GNPs whilst dramatically reducing the amount of gold col-
loid contaminant (<10 nm) in the final product mixture. Indeed,
the Diasynth method produces a distribution of nIR-absorbing par-
ticle morphologies nearly identical to traditional approaches, but
with 14.3 times higher ODxml yield along with a 96% reduction
in colloidal contamination. This method eliminates product loss
from the time-consuming centrifugation steps required for similar
levels of purity indicated in the literature. The product is suitable
for use in nIR applications without any further purification
(QR > 2.0). The nanoparticles can also be coated effectively in situ
with thiol-containing molecules using the dialysis membrane as
an effective tool to separate the coated product from excess coating
molecules.

3. Experimental
3.1. Chemical supplies
Hydrogen tetrachloroaurate (IIlI) trihydrate (chloroauric acid,

HAuCl,4-3H,0) was purchased from Alfa Aesar (36,400). Sodium
Thiosulfate (Na,S,0s3), sodium cyanide, and potassium dicyanoaurate(I)
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were purchased from Sigma (380,016). mPEG-SH was purchased
from LaysanBio. All materials were used as received unless
otherwise noted.

3.2. Traditional 1-step synthesis of nIR-GNP

2.5 mL Na,S;05 solution (3 mM) in ultra-pure DI H,O was
added rapidly to a 11 mL HAuCl4-3H,0 solution (1.71 mM) at room
temperature for 1 h with no stirring. The visible/NIR absorption
spectrum was measured after one hour at room temperature on
a Carey 50 UV/Vis spectrophotometer (Varian, Agilent Technolo-
gies). A Malvern Zetasizer (ZS90) was used to characterize the
nIR-GNP nanoparticles surface charge and average size. Further
purification of the nIR fraction was achieved via three rounds of
centrifugation (1150g, 20 min). The pellets from each centrifuga-
tion step are then combined for analysis analogous to the crude
product. A FEI Tecnai F20 transmission electron microscope
(TEM, FEI Co.) operated at 200 kV was used to determine nIR-
GNP nanoparticle morphology. The TEM samples were prepared
by dropping 80 pL of nIR-GNP suspension onto C-flat Holey carbon
film enhanced TEM grids followed by room temperature drying
overnight.

3.3. DiaSynth synthesis of nIR-GNP

nIR-GNP nanoparticles were synthesized by mixing 11 mL of
1.71 mM HAuCl,-3H,0 and 2.5 mL of 3 mM Na,S,03, in regener-
ated cellulose dialysis membrane with molecular weight cut-offs
(MWCO) of 2, 3.5, and 6-8 kDa (Spectrum Labratories, Rancho
Dominguez, CA) and 12 kDa (Sigma Aldrich, St. Loius, MO). The
reaction mixture is dialyzed against 8 L of DI water with stirring
for 1 h. The Spectral profile, hydrodynamic diameter, and zeta
potential were obtained immediately following the synthesis.
TEM samples were prepared and imaged in a fashion analogous
to the products from the traditional synthesis route.

3.4. Membrane-bound gold nanoparticle synthesis

32.6 mL of 1.71 mM HAuCl;-3H,0 were placed in a 12 kDa
MWCO regenerated cellulose membrane (43 mm x 17 cm) with
7.4 mL ultrapure water. The reaction was allowed to proceed
undisturbed for 5 days, after which UV-visible spectra were
obtained of the product and the cellulose membrane. Membranes
spectra were acquired on a Cary 100 UV-vis spectrophotometer
with film holder attachment.

3.5. mPEG-SH coating of DiaSynth product

nIR-GNP were synthesized by the DiaSynth process as men-
tioned above. Briefly, 1.71 mM HAuCl,-3H,0 and 3 mM Na,S,05
were mixed in a 12 kDa dialysis membrane dialyzed against 8 L
of DI water with stirring for 1 h. After 1 h, mPEG-SH (5000 Da)
was added to the membrane with the nIR-GNP nanoparticles and
the sample was reacted overnight. This allowed the sample to be
coated with mPEG-SH, while simultaneously removing excess
mPEG-SH.

3.6. Determination of weight fractions of gold from DiaSynth reaction

A DiaSynth reaction was performed as described above using
32.6 mL of 1.71 mM HAuCl, and 7.4 mL of 3 mM Na,S,03 in a
12 kDa MWCO regenerated cellulose membrane (43 mm x 17 cm).
The reaction mixture was poured from the dialysis membrane into
a beaker and the dialysis membrane was placed in an equal volume
of water in a separate beaker. Both mixtures were titrated with
100 mM KOH until pH 10.5 was achieved. An excess of NaCN was

then added to both mixtures to disband the gold nanoparticles
and the reactions were mixed on a rocking mixer for 1 h. A portion
of each mixture was then loaded into a UV-vis cuvette and the
absorbance value at 215 nm was recorded. The absorbance values
were compared to a calibration curve made from the absorbance
values of various concentrations of Potassium dicyanoaurate(I).

3.7. Determination of dialysate conductance during a DiaSynth
reaction

8 mL of 3 mM Na,S,03; was added to 44 mL of 1.71 mM HAuCl,
inside a 152 mm long 12 kDa cellulose membrane (76 mm Flat
Width) and placed in 8 L of 25 °C DI water inside a square plastic
tub with constant stirring. 1.8 mL of dialysate was collected
between half the distance from the cellulose membrane to con-
tainer wall at 0, 1, 10, 20, 30, 40, 50, and 60 min time intervals
and the conductance measured using a NanoBrook ZetaPALS
(Brookhaven Instruments, Holtsville, NY). This same experiment
was performed with 52 mL of DI water within the membrane as
a control.
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