1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

wduosnue Joyiny vd-HIN

" NIH Public Access
éf};‘ Author Manuscript

2 HEpst

o WATIG,

Published in final edited form as:
ACS Nario. 2011 May 24; 5(5): 3577-3584. doi:10.1021/nn103148x.

Short-Chain PEG Mixed-Monolayer Protected Gold Clusters
Increase Clearance and Red Blood Cell Counts

Carrie A. Simpson, Amanda C. Agrawal, Andrzej Balinski, Kellen M. Harkness, and David E.
Cliffel”
Department of Chemistry, Vanderbilt University, Nashville, TN 37235-1822

Abstract

Monolayer-protected gold nanoparticles have great potential as novel building blocks for the
design of new drugs and therapeutics based on the easy ability to multifunctionalize them for
biological targeting and drug activity. In order to create nanoparticles that are biocompatible in
vivo, poly-ethylene glycol functional groups have been added to many previous
multifunctionalized particles to eliminate non-specific binding. Recently, monolayer-protected
gold nanoparticles with mercaptoglycine functionalities were shown to elicit deleterious effects on
the kidney in vivo that were eliminated by incorporating a long-chain, mercapto-undecyl-
tetraethylene glycol, at very high loadings into a mixed monolayer. These long-chain PEGs
induced an immune response to the particle presumably generating an anti-PEG antibody as seen
in other long-chain PEG-ylated nanoparticles in vivo. In the present work, we explore the in vivo
effects of high and low percent ratios of a shorter chain, mercapto-tetraethylene glycol, within the
monolayer using simple place-exchange reactions. The shorter chain PEG MPCs were expected to
have better water solubility due to elimination of the alkyl chain, no toxicity, and long-term
circulation in vivo. Shorter chain lengths at lower concentrations should not trigger the immune
system into creating an anti-PEG antibody. We found that a 10% molar exchange of this short
chain PEG within the monolayer met three of the desired goals: high water solubility, no toxicity,
and no immune response as measured by white blood cell counts, but none of the short chain PEG
mixed monolayer compositions enabled the nanoparticles to have a long circulation time within
the blood as compared to mercapto-undecyl-ethylene glycol, which had a residence time of 4
weeks. We also compared the effects of a hydroxyl versus a carboxylic acid terminal functional
group on the end of the PEG thiol on both clearance and immune response. The results indicate
that short-chain length PEGs, regardless of termini, increase clearance rates compared to the
previous long-chain PEG studies while carboxylated-termini increase red blood cell counts at high
loadings. Given these findings, short-chain, alcohol-terminated PEG, exchanged at 10% was
identified as a potential nanoparticle for further in vivo applications requiring short circulation
lifetimes with desired features of no toxicity, no immune response, and high water solubility.
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Introduction

The use of gold nanoparticles (AuNP) for biological applications is a growing field in
chemistry. Their small sizes (<5 nm) and the ability to functionalize their monolayer for
specific applications makes them excellent candidates for in vivo imaging,!: 2 targeting
vesicles,3 and peptide epitope presentation.% > Much work has focused on the
characterization and modification of water-soluble gold nanoparticles, functionalized
primarily with glutathione and N-(2-mercaptopropionyl)-glycine (tiopronin).8: 7 These
water-soluble monolayer protected clusters are ideal candidates for in vivo studies given
both ligands are routinely used in vivo for medicinal purposes.8-10

PEG has been shown to relieve nanotoxicity and allow the particles to escape the
opsonization process.11-12 The incorporation of PEG onto the surfaces of nanoparticles/rods
has shown to significantly increase the residence half-life within the bloodstream.14-17 Gref
et al. show the addition of PEG to a PLA nanoparticle significantly improved the circulation
time in vivol4 while Feldheim and co-workers reported on the influence of PEG chain length
and cellular internalization.18 Their work showed stability increased with decreasing particle
diameter and increasing PEG chain length. Other in vitro studies focused on PEG-ylated
species in rat skin and intestine, showing smaller nanoparticles had a wider distribution.1®
While PEG-ylation provides immense benefits to in vivo applications of particles, previous
reports have also shown the presence of an anti-PEG antibody in 25% of normal blood
donors2%: 21 as well as in response to injection with PEG-ylated polymer particles.22 23
Therefore, if gold nanoparticles are to be used for in vivo applications, PEG must be
incorporated into the monolayer at concentrations low enough to prevent an immune
response and to escape recognition by existing anti-PEG antibodies-.

Successful synthesis of a biologically effective mixed monolayer particle dependent upon
the packing density of the PEG. Previous reports have shown the packing density of the
PEG within the monolayer of the particle will influence the clearance time as well as the
opsonization of the particle.1# 24 Two common terms to describe the packing of PEG on the
particle's surface are a) mushroom and b) brush, where mushroom structures contain few
PEG ligands in a disperse configuration relative to their positions on the monolayer and
brush structures tightly pack the PEG into clusters on the surface.2 Dispersity of PEG may
still allow for entry of opsonins between gaps in the monolayer while brush structures' tight
packing does not allow for fluid movement of the layer. It is this fluid movement that is
believed to be the mechanism of opsonin repulsion; therefore, particle "overload" decreases
the effectiveness of the PEG. For these reasons, a configuration between the two is predicted
to be the optimum for biological efficiency in vivo. Exchange of ligands into the monolayer
at various loadings has been performed previously by place-exchange reactions.2® This
process may be controlled stoichiometrically to produce a particle with a high or low
percentage of a new thiol within the monolayer. While this has not been previously shown
for PEG thiols, we expect place-exchange with PEG thiols to result in a brush/mushroom
configuration.

Another consideration for PEG-ylated particle construction is charge. Prior in vitro studies
by Stellacci and co-workers found that surface charge on the nanoparticle was responsible
for cellular uptake, with the highest uptake being negatively charged particles (COOH),
followed by positively charged (NH3), then neutrally charged particles (PEG).28 A similar
effect was observed by Reinhard and co-workers in their studies with large and small
particles coated with both amines and carboxylic acids.2” They observed two phenomena: a)
negatively-charged particles increased the cellular uptake efficiency and b) uncoated smaller
particles also increased cellular uptake efficiency. Arvizo et al. examined the influence of
charge on entry into the plasma membrane.?8 These studies suggest that charge is primarily
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responsible for the nanoparticles interactions with living cells; however, there have not yet
been any in vivo experiments that have tested this hypothesis.

We recently published research on the unexpected toxicity observed following the
subcutaneous injection of tiopronin monolayer protected clusters (TMPC) in mice.2% We
eliminated this toxicity with the incorporation of a long-chain mercaptoundecyl-
tetraethylene glycol (MUAPEG) into the monolayer at very high loadings. This mixed
monolayer eliminated morbidity at all concentrations as well as alleviated all renal damage
noted after injection with the original TMPC. In our previous report, we exchanged a 4:1 w/
w ratio of MUAPEG: tiopronin, which as noted by TGA, overloaded the particle,
presumably producing a brush structure.29 Herein, we describe the synthesis of two mixed
monolayer particles, using both high and low percentages of a shorter chain mercapto-
tetraethylene glycol (PEG,) presumably creating both a mushroom particle and a particle
between the mushroom and brush configuration based on percentage PEG coverage as noted
by both NMR and IM-MS We then tested our these nanoparticles in vivo. Our mixed
monolayer consisted of tiopronin as the original ligand on the nanoparticles place-exchanged
with one of two PEG4 ligands. Both ligands consisted of a PEG,4 chain length but with
different termini, a carboxylic acid (PEG4-acid) and an alcohol (PEG4-OH). While these
PEGys were shorter (1.8 nm) than that used in our previous study (3.1 nm),2° they are still
considerably longer than tiopronin (0.7 nm). PEG is believed to produce its circulation
benefits due to its ability to protract past the original tiopronin monolayer ligand, and this
considerable 2.5 fold increase in ligand length should provide the needed shielding from
opsonization for maximum circulation of the particle while reducing total antigenic PEG
presentation to the immune system.

Results and Discussion

Table 1a shows the resulting percent PEG exchange after four separate place-exchange
reactions of the PEG4-acid ligand by both NMR and IM-MS.

Both techniques for the analysis of surface coverage were not significantly different from
each other in a paired Student t-test at the 95% Confidence limit given a 1% surface
coverage uncertainty in each measurement and this similarity between the methods was
noted previously.3% Also shown is a positive correlation between concentration of PEG in
solution and percent coverage; however, no significant gain in percent coverage was noted
until larger PEG feed ratios were used. At lower feed ratios, the loading percentage
difference between 10:1 and 15:1 was minimal. Therefore, for the in vivo experiments, only
the 15:1 sample was used.

After confirmation of successful place-exchange reactions and sterilization with ethanol, the
nanoparticles were injected subcutaneously as described in Simpson et al.29 for in vivo
experiments. Blood, urine, and organs (kidneys, heart, liver, and spleen) were monitored for
gold content via inductively coupled plasma optical emission spectroscopy(ICP-OES). The
results of the PEG4-acid six-week study are shown in Figure 1.

The data clearly shows the lower percentage PEG4-acid place-exchanged nanoparticles
mimic the behavior of the TMPC,29 producing low gold concentration in the bloodstream
and high concentration within the urine in the first 24h. The measured gold concentration
within the blood and urine for all concentrations at 2 and 4 weeks was below the detection
limit (5-10 ppb) of the ICP-OES and is not shown, suggesting the particle is cleared from
the bloodstream primarily within the first 24h. This is quite short; previous studies showed
high concentrations of the long-chain MUAPEG nanoparticle at two and four weeks post
injection. It is also noted that the 10% place-exchange nanoparticles is the only one present
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in high quantity within all the organs studied, also characteristic of the TMPC. For the
higher place-exchange loadings of PEG4-acid, gold concentrations comparable to those seen
previously for long-chain alkyl PEG ligands were noted. Constant concentrations within
both the blood and urine are present throughout the entire 24h time-period. A descending
pattern, correlative with increasing PEG,4 percentage, is noted for residence within both the
kidney and spleen. The 10% exchange particles show the highest residence within the
kidney and spleen, mimicking that of TMPCs; whereas the 60 and 75 percent exchanges
show relatively no residence in the spleen and high residence in the liver, mimicking the
behavior seen for MUAPEG-TMPCs. For the 75% exchange, the gold concentration in the
heart was below the limit of detection of the ICP-OES. Given these findings, the 10%
exchange provides the benefits of PEG-ylation with the targeting efficiency of the TMPC;
however, the circulation time (24 h) is much shorter in comparison to that of previous
studies with the MUAPEG ligand (4 weeks).2? This provides evidence that the length of the
chain may directly correlate to the circulation time of the nanoparticle.

To determine if the circulation was correlated to the terminus of the ligand, the experiment
was repeated with a PEG4-OH. This ligand was chosen for two reasons: 1) our previous
experiments showed a longer alkyl chain alcohol terminus elicited a relatively longer
circulation time (4 weeks):29 therefore, if the terminus influences circulation time, the
alcohol terminus should lead to longer clearance and 2) the chain lengths were exactly the
same (4 PEG units); therefore, if the clearance time is the same as the carboxylic acid
terminus, presumably the length of the chain may be responsible for the longer clearance
time observed previously. The place-exchange reactions for the PEG4-OH ligand were
conducted under the same optimized conditions. The feed ratios and percent PEG coverage
by NMR may be found in the Supporting Information. The ICP-OES analysis of the six
week study of the PEG4-OH ligand are shown in Figure 2.

Given the correlation in the clearance times of the PEG4-acid and PEG4-OH, the PEG ligand
terminus does not appear to affect the clearance rate or circulation time of the particle. It was
also observed that the longer chain used previously does not seem to be necessary to prevent
mortality as all subjects used in both studies survived without any noticeable discomfort.
Furthermore, the 10% percent PEG exchange provides both the benefits of PEG-ylation
while retaining the original characteristics of the original monolayer, in this case tiopronin,
making it the best choice for targeting. As final confirmation, both particle compositions
were analyzed for both immune response and renal damage as was noted in previous reports
before selection of the best percent PEG exchange could be made.

Previous studies showed PEG-TMPCs elicited an increase WBC count at 40 UM using a
MUAPEG alcohol terminus.2? A perfect PEG-TMPC candidate for in vivo modeling should
not only escape the opsonization process but also eliminate this immune response. Blood
from all mice was analyzed by coulter counter for white blood cell (WBC) and red blood
cell (RBC) counts to test for an immune response at 0, 2 and 4 weeks. The results are shown
in Figure 3.

For PEGy-acid the 0 UM shows no immune response as expected, nor does the 10% PEG
exchange group. However, both the 60% and 75% exchange group show significant change
in RBC:WBC ratio (asterisked, p<0.01) after 4 weeks post-injection. This response is due to
an increase in RBC count, not WBC count (supporting information). Therefore, no immune
response is present. One of the few in vivo studies of PEG-ylated nanoparticles previously
demonstrated that 50 to 250 nm poly-styrene nanoparticles coated with alcohol-terminated
PEGs were sequestered in the bone marrow and that this effect was enhanced as the particle
size decreased.l” No immune response was seen for either exchange of the PEG4-OH
ligand. Based on these findings, the in vivo response seems to correlate with charged termini
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on short-chain ligands at high percent exchange, suggesting negative charge at high
concentrations elicit higher RBC production. As shown in Alexis et al.,3 hydroxyl particles
present higher cellular uptake than carboxyl particles. This in conjunction with observations
made by Porter et al.32 stating higher cellular uptake decreases the likelihood of distribution
to the bone marrow, suggests the carboxyl terminus shifts the particles to the bone marrow
while hydroxyl terminus shifts the particles away from the bone marrow to the spleen and
liver. 1t should also be noted that previous reports showed an immune response as measured
by increased WBC counts from a MUAPEG with an OH terminus at high percent
exchange.2° Given these findings, the generation of an immune response in vivo is most
likely dependent on nanoparticle concentrations rather than surface charge on the
nanoparticle; however, the negative surface charge of the carboxylic acid terminus does
induce an increase in RBC response at higher percent PEG4-acid exchanges.

Since no mortality was seen at any percent PEG exchange, the best synthetic route is
minimal amount of PEG-ylation to escape opsonization while also escaping an immune
response. Therefore, an percent PEG exchange of approximately 10% of any ligand appears
to meet all necessary criteria as the best candidate nanoparticle with further
multifunctionalization for in vivo applications requiring short clearance times in vivo. As a
final confirmation, histological examination was performed on all mice kidneys by Dr. Ken
Salleng, DVM, Vanderbilt Division of Animal Care. Previous accounts showed extensive
renal damage from TMPCs at 40 uM without PEG-ylation, leading to death of all subjects.2°
Little to no renal damage was seen at 40 uM with PEG-ylation and no significant renal
damage or toxicity was shown for any exchange-ratio of PEGs used in this study. This
combined with the 100% survival noted in all experimental subjects suggests that even small
percentages of PEG-ylation provide the needed shielding from opsonization. Representative
histological slides for the PEG4-acid may be found in the Supporting Information. These
findings in conjunction with the immune response from Figure 3 suggest the 10% exchange
ratio is the most desirable percent PEG exchange as a building block for epitope
presentation projecting off the nanoparticles surface.> 33 A recent paper3* describes the use
of neutron activation of gold nanoparticles to enable quantitative whole animal
biodistribution studies, and this method, while potentially more expensive, would enable a
more quantitative approach to future studies for in vivo testing of potential therapeutic gold
nanoparticles. This radiolabeling approach indicates that short-term (24hr) accumulation
occurred mostly in the spleen and liver, consistent with our results in Figure 2C.

TMPCs have been shown to be toxic at high concentrations, which may be eliminated with
PEG-ylation. 2° However, the amount of PEG-ylation must also be controlled if the TMPCs
are to be used for long-term in vivo studies due to the presence of an immune response at
high concentrations of PEG. We have shown that through simple place-exchange reactions,
the amount of PEG-ylation on the TMPC may be controlled and a small percentage (10%
coverage) is sufficient enough to prevent both mortality and presumably opsonization using
short-chain PEGs as no renal damage was noted in these studies. Furthermore, we have
shown that the ligand end terminus plays no role in clearance or circulation time and shorter
chain ligands exhibit faster clearance rates than those previously studied. We have also
shown that negatively charged ligands seem to increase RBC count at lower concentrations
than neutral ligands. As a result of these findings and our previous study, we believe a) the
10% exchange PEG-TMPC is available candidate for future in vivo studies regardless of
PEG ligand choice b) long-chain ligands are the best choice for long-circulation times and c)
alcohol terminated PEG thiols are more desirable for nanoparticle exchange than carboxylic
acid termini due to lack of RBC increase at a wide range of percent coverage.
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Experimental

Reagents

Gold tetrachloroauric acid was synthesized in house from 99.99% gold shot.
Tetrachloroauric acid trihydrate was synthesized according to the literature3® and stored in
the freezer at —20°C. N-(2-mercaptopropionyl)-glycine (tiopronin) (Sigma), Thiol-dPEGg4-
acid (Quanta Biodesign), Optima nitric acid (Fischer Scientific), methanol (Fisher
Scientific), acetic acid, a-cyano-4-hydroxycinnamic acid (CHCA, Sigma-Aldrich),
deuterium oxide, Zapoglobin (Beckman Coulter), and Isoton diluent (Beckman Coulter)
were all used as received. Mercapto-PEG4-OH was synthesized based on a modification of
previous literature methods that improved yield and reduced the number of synthetic steps.36
Sterile phosphate buffered saline was purchased from Mediatech. A Millipore filtration
system was used to obtain 18 MQ water.

Synthesis of TMPC

TMPCs were synthesized by the traditional modified{ Templeton, 19994103} Brust3’
reaction as prescribed in the literature. Briefly, to a 6:1 ratio (v/v) mixture of methanol and
acetic acid was added tiopronin and tetrachloroauric acid trihydrate in a 3:1 (mol/mol) ratio,
(1.0 gram HAUCI4 : 1.2 gram tiopronin). The reaction was carried out at 0°C and allowed to
stir for ~30 minutes whereupon the solution was removed under vacuum. The remaining
black solid was dissolved in 100 mL of water and adjusted to pH 1 with hydrochloric acid.
The solution was then loaded into cellulose ester dialysis membrane (MWCO = 10,000),
placed in 4 L of water and stirred continuously. The water was changed about every 12h
over a 1-week course. The solution was then removed under vacuum and the resulting black
nanoparticles were subsequently analyzed.

Place-exchange of PEG

The tetra-EG chain was added to the TMPC via place-exchange reaction as described in
Simpson et al.2% with modifications. For the PEG4-acid experiments, 30 mg of TMPC was
added to a 1.5 mg (15:1), 10 mg (2:1), or 20 mg (1:1) PEG sample in 3 mL deionized water
and allowed to stir for 1h. The mixture was then loaded into cellulose ester dialysis
membrane (MWCO = 10,000), placed in 4 L of deionized water and stirred continuously to
remove any excess PEG ligand within solution. The water was changed ca. every 12h over a
3-day course. The particles were then analyzed for purity by the same means as the original
TMPCs. The PEG,4-OH experiments were conducted under the same conditions with the
following exceptions: 4 mg of TMPC was added to a 0.107 mg (15:1), and a 0.800 mg (2:1)
PEG sample in 2 mL deionized water and allowed to stir for 1h.

Nuclear Magnetic Resonance

1H NMR spectra were collected of highly concentrated ligand and nanoparticle samples on a
Bruker AC400 MHz NMR spectrometer in deuterium oxide (D20). The tiopronin ligand
spectrum was collected in DMSO-dg and CDCl3 as previously reported.

lon Mobility-Mass Spectrometry

Sample Preparation

In accordance with previous experiments,30 place-exchanged AuNPs were dissolved in
10puL deionized H,0 and combined with 100uL of saturated CHCA and 1% NaCl in MeOH
or up to 1:1 H,O:MeOH, depending on AuNP solubility. A 1uL portion of each was
deposited on a stainless steel plate using the dried droplet method.38 All MALDI-IM-MS
analyses were performed using a Synapt HDMS (Waters Corp., Manchester, UK), equipped
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with a frequency-tripled Nd:YAG (355 nm) laser operated at a pulse repetition frequency of
200 Hz. All spectra were acquired in the positive ion mode.

Peak Identification and Assignment

Gold-containing ion signals were extracted and identified using the MassLynx 4.1 (Waters
Corp.) software package. ldentified peaks were checked against a list of possible ions for
use in quantitation calculations. This list contained ions with AuglL4 stoichiometries,
potassium and sodium coordination, and methyl esterification. These modifications were
included because of their preliminary observation in the ion mobility-mass spectra. This list
was limited to Auyl4 stoichiometries because, as mentioned in our recent report as a
potential source of error, this particular ligand combination led to the presence of two sets of
ions which differed by only 0.02 Da (-2 tiopronin, +1 PEG, +2 Na, and —1H), well within
the limits of mass accuracy in this experiment.

Data Processing for Quantitation

In keeping with our previous experiments,30 1% relative abundance and 30 ppm mass
accuracy cutoffs were used to reduce false positive identifications, and the monoisotopic ion
abundances for the identified peaks were normalized to the expected monoisotopic
abundance for each respective ion. The final set of identified peaks was used in quantitation
calculations by the application of Eqgn. 1:

( X ) B ZCX.)'(X)

XY e 3" C,, (X+Y) 0

For a nanoparticle with a binary ligand mixture, X and Y, the term on the left denotes the
mole fraction of ligand X on the entire nanoparticle. On the right, the numerator is the sum
of the multiples of the ion count (Cx y) and the number of X ligands present in each
respective peak. The denominator is the sum of the multiples of the ion count (Cx y) and the
total number of ligands (X+Y) present in each respective peak. Together, these represent a
mole fraction of the ligand X present on the nanoparticles.

Thermogravimetric Analysis (TGA)

TGA was performed on all nanoparticle samples (ca. 5-10 mg) with a TGA 1000 instrument
under N, flow (60 mL min~1), recording data from 25 to 800 °C at a heating rate of 20 °C
min~1,

Transmission Electron Microscopy

The nanoparticles were prepared by adding ~1 mg dried particle to 5 mL 1 mM HCI
solution, sonicating for ~20 min, and then dropped for slow evaporation onto ultrathin
carbon grids (400 mesh, Ted Pella, Inc.). Images were obtained with a Phillips CM20T
operating at 200 keV with a calibrated magnification of 414 kX. Results are reported as the
mean + standard deviation obtained from the negatives using ImageJ software (NIH,
http://rsh.info.nih.gov/ij/) using sample sizes of at least 50 particles from the TEM grid.

Animal Models

Animals were housed in a Vanderbilt Division of Animal Care (DAC) facility, fully certified
by the Association for Assessment and Accreditation of Laboratory Animal Care (AALAC).
Animals were housed under supervision of full-time veterinarians and staff, with an
approved IACUC protocol. BALBc/cAnNHsd mice, 5-6 week, female, weighing 15-16 g,

ACS Nano. Author manuscript; available in PMC 2012 May 24.


http://rsb.info.nih.gov/ij/

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Simpson et al.

Page 8

were purchased from Harlan Laboratory. All animals were allowed one week for
acclamation prior to experimentation. Nanoparticles were prepared in sterile phosphate
buffered saline (n = 5 mice/concentration group) and injected subcutaneously. Dosage
concentrations were 40 UM nanoparticles (8.19 mg for 15:1; 9.27 mg for 2:1; and 9.61 mg
for 1:1, all dissolved in 3 mL PBS) for PEG4-acid and (4.42 mg for 15:1 and 4.23 mg for
2:1, all dissolved in 1.5 mL PBS) for PEG4-OH in a 200 pL total volume of PBS. A 40 uM
concentration was chosen based upon results shown in Simpson et. al?? in which 40 uM was
the lowest concentration of MUAPEG particles shown to trigger an immune response. Blood
was drawn via submandibular bleeding techniques, in compliance with our protocol and
bleeding guidelines for mL/kg body weight per 2 weeks.39 Urine was collected on
cellophane with special precaution to avoid fecal contamination.40 Four weeks post-
injection, mice were euthanized via CO, asphyxiation, followed by cervical dislocation.
Blood samples were divided amongst ICP-OES and Coulter Counter, and organs were
harvested for histology and trace metal analysis. Urine was tested for gold content.

ICP-OES Analysis

Fluid and tissue samples were prepared as described in Simpson et al.29 with modifications.
A 5 pL sample size was chosen due to limitations in blood collection. A 5 uL draw was
consistently attained with all bleeds, and therefore, became our standard. Briefly, 5 pL of
blood or urine were diluted in 9 mL of 2% nitric acid (Optima grade, Fisher Scientific).
Organs were excised, weighed, and dissolved in concentrated nitric acid (70% HNO3), and
heated to dryness. The samples were then reconstituted in 9 mL of 2% nitric acid. After the
5 uL fluid samples and organs were suspended in 9 mL 2% nitric acid, a 1 mL aliquot of
aqua regia (3:1 hydrochloric acid: nitric acid) was added to each sample. A 10 mL sample
size was used in accordance with suggested ICP-OES guidelines. Samples were then loaded
onto syringe filters to remove debris (0.2 micron). Spectra were collected on a Perkin Elmer
ICP-OES Optima 700 DV. Argon plasma flow was set to 15 L min~2, nebulizer flow at 0.2
L min~L. Pump flow was 1.5 mL min~! with RF power at 1300 Watts. Spectra were
collected at the best gold intensity wavelength, 267.595 nm with a delay time of 40 seconds
for PEG4-acid and 30 seconds for PEG4-OH. Spectra were collected in triplicate and
averaged for final gold content analysis.

Coulter Counter Analysis of Blood

Histology

Cell count analysis was performed on a Beckman Z1 Coulter Particle Counter. From whole
blood samples, 40 pL of blood was diluted into 20 mL of Isoton® 11 diluent (Beckman
Coulter) to create the WBC solution. Next, 200 pL of WBC was transferred to 19.8 mL of
diluent; this solution was used as prepared for the RBC counts. To the WBC solution was
added 8 drops of Zap-Oglobin 11 lysing agent (Beckman Coulter). It was gently agitated and
allowed to sit for two minutes and then WBC counts were collected.

Organs were excised shortly after euthanasia and sections of kidney were immediately fixed
in formalin, 10% neutral buffered with 0.03% eosin (Sigma-Aldrich) and given to
Vanderbilt Immuno Histology Core for H&E staining. The resulting slides were
subsequently interpreted with help from Dr. Ken Salleng, D.V.M., Vanderbilt Division of
Animal Care.

Characterization of MPCs

TMPCs were characterized using traditional analysis as documented in previous reports.®
Figure S1 shows the NMR, TGA, and TEM for the TMPCs used in the PEG4-acid study
while Figure S2 shows the characterization data for the TMPCs used in the PEG4-OH study.
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NMR spectra show significant broadening, indicative of the presence of nanoparticles.*!
TGA analyses were within normal range for TMPCs, showing an organic loss of 38% for
the PEG4-acid, 31% for the PEG,4-OH. Final TEM analyses produced an average core
diameter of 2.5 £ 0.6 nm for the PEG;-acid, 2.1 = 0.5 nm for the PEG4-OH, both within the
desired range as prescribed by Choi et. al.11 for optimum biological efficiency. This
combined with the TGA analyses yielded estimated molecular formulae of AuggsTiog, for
the PEG4-acid and Auyg7Tiogy for the PEG4-OH.

Figure S3 shows the NMR spectrum for the tiopronin ligand (blue), PEG4-acid ligand (red),
and the 15:1 place-exchange of the PEG4-acid onto the TMPC (green). For quantification
measurements, peaks must be identified that are uncommon to both ligands. For this study,
the peak at 1.4 ppm for tiopronin (CH3) was compared to the peak at 2.5 ppm for the PEG4-
acid (a-CH, to carboxylic acid). The peak at 2.5 ppm in the tiopronin spectrum is attributed
to the sulfur hydrogen, which is eliminated upon attachment to the gold core. The peak at
2.2 ppm is an artifact of the DMSO-d6. As is shown in the particle spectrum, both peaks are
clearly visible and broad, making quantification fairly easy.

Figure S4 shows the NMR spectra for the three PEG4-acid exchange reactions used in vivo
(15:1, 2:1, and 1:1). The intensity of the peak for tiopronin alone (1.6 ppm) decreases as the
percentage of PEGg4-acid applied to the monolayer increases. Quantification was performed
as previously described3C by integration of the PEG,-acid and tiopronin peaks. The result of
the integration by NMR and the subsequent molecular formulas are shown in Figure S4 as
well.

Figure S5 shows the NMR spectra for the PEG4-OH ligand, and subsequent place-exchange
reactions onto the TMPC. Integration of these peaks was performed differently as there was
no peak specifically isolated to the PEG ligand as with the carboxylic acid terminus.
Therefore, the peak located at approximately 3.8 ppm, which is attributable to both the PEG
and tiopronin ligands was used. Since the peak is attributable to both the CH, protons from
both the tiopronin and PEG4-OH ligands, a simple mathematical calculation was performed
to elicit the number of protons specific to the PEG ligand. From the CH3 peak at 1.4 ppm
(which is attributable to only tiopronin), we calculated how many CH, protons were
attributable to tiopronin. We then subtracted this number from the integration at 3.8 ppm,
leaving only the integration attributable to the PEG CH, protons. We then applied the same
integration principles as with the PEG4-acid, using the same tiopronin peak at 1.4 ppm.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

ICP-OES gold analysis for a) blood, b) urine and c) organs of PEG4-acid injected mice 4
weeks post-injection. A 5 pL sample was diluted in 10 mL of nitric acid/aqua regia solution
(total dilution factor = 2000). Low concentrations of gold were noted in the bloodstream
while high concentrations were seen in the urine. No gold was observed at the 2 and 4 week
time periods. Clearance profiles for the 10% group mimicked those previously seen for
TMPCs. Gold analysis of the organs showed decreasing correlation of organ residence with
increase in PEG percentage for both kidney and spleen. Black line signifies the detection
limit of the ICP-OES at 10 ppb Au.
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Figure 2.
ICP-OES measured gold analysis for 5 pL samples in 10 mL of nitric acid/aqua regia of a)

blood, b) urine and c) organs of PEG4-OH injected mice. Low concentrations of gold were
noted in the bloodstream while high concentrations were seen in the urine. Relatively no
gold was observed at the 2 and 4 week time periods. Again, rapid clearance profiles were
noted for both concentrations, signifying clearance is dependent on ligand length rather than
end terminus. Gold analysis of the organs showed the largest accumulation of particle in the

liver.
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Figure 3.

Coulter counter analysis of PEG4-acid (left) and PEG4-OH (right). No immune response
was noted for the saline group or for the lowest percent exchange groups for either ligand.
However, an immune response was noted for higher percent exchanges of PEG,-acid at 4
weeks where no immune response was noted for PEG4-OH. This suggests higher
percentages of PEG4-OH may be exchanged than PEGg4-acid without triggering an immune
response.
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Ratios for PEG4-acid place-exchange reactions (calculated tiopronin:PEG feed in solution (mol:mol))and

resulting PEG surface coverage percentages by NMR and IM-MS. PEG feed ratio was determined from
calulated molar concentrations of tiopronin on the monolayer surface as determined for original TMPCs.

Tiopronin(Au): Free PEG
Feed Ratio (mol:mol)

PEG Surface Coverage
(mol percentage)

IM-MS
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15:1
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