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Ligand Exchange and 1H NMR Quantification
of Single- and Mixed-Moiety Thiolated Ligand Shells
on Gold Nanoparticles

Ashley M. Smith and Jill E. Millstone

Abstract

The use of nanoparticles in biomedicine critically depends on their surface chemistry. For metal nanopar-
ticles, a common way to tune this surface chemistry is through mass action ligand exchange, where ligand
exchange can be used to expand the functionality of the resulting nanoparticle conjugates. Specifically, the
quantity, identity, and arrangement of the molecules in the resulting ligand shell each can be tuned
significantly. Here, we describe methods to exchange and quantify thiolated and non-thiolated ligands on
gold nanoparticle surfaces. Importantly, these strategies allow the quantification of multiple ligand types
within a single ligand shell, simultaneously providing ligand composition and ligand density information.
These results are crucial for both designing and assigning structure-function relationships in bio-
functionalized nanoparticles, and these methods can be applied to a broad range of nanoparticle cores
and ligand types including peptides, small molecule drugs, and oligonucleotides.

Key words Gold nanoparticles, Nanoparticle functionalization, Ligand exchange, Ligand
quantification, 1H NMR

1 Introduction

Gold nanoparticles (AuNPs) are versatile materials that display
ever-growing potential in fields that range from bioimaging [1, 2]
to drug delivery [3, 4]. As with all NPs, their surface chemistry has a
strong impact on their behavior in these applications and dictates
many of their interactions in biological environments. Therefore, it
is important to be able to understand and tailor this surface chem-
istry (e.g., control the quantity and composition of the appended
ligands). Ligand quantification has been achieved in various ways,
including thermogravimetric analysis [5–7], optical spectroscopy
methods [8–10], and nuclear magnetic resonance spectroscopy
(NMR) [11–13]. Yet, only NMR has demonstrated the necessary
chemical resolution to yield information about ligand identity [12,
14], quantity [15–17], and arrangement [18, 19], even within a
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single experiment. Moreover, postsynthetic modification of the
ligand shell is typically not necessary for 1H NMR quantification
analysis. Therefore, one can analyze the activemolecule, peptide, or
protein of interest without modifications such as fluorophore label-
ing, which can alter the behavior of the conjugate within the system
of interest and prevent correlation with the un-labeled conjugate.
Here, we will describe the quantification of 1 kDa poly(ethylene
glycol) methyl ether thiol (PEGSH) and 8-mercaptooctanoic acid
(MOA) ligands, both as single-ligand and mixed-ligand shells.
PEG-based ligands are of particular interest because they are widely
used in nanobiomedicine for solubilization, stability, particle size
control, and anti-biofouling. [20–23]. This method is remarkably
general and may be applied to any ligand shell on a NP of interest,
provided that the ligands composing the shell each have at least one
spectroscopically distinct chemical shift.

2 Materials

Prepare all solutions using ultrapure water (resistivity
18.2 MΩ·cm), unless otherwise noted. Before use, wash all glass-
ware and Teflon-coated stir bars with aqua regia (3:1 ratio of
concentrated hydrochloric acid (HCl) and nitric acid (HNO3) by
volume) and subsequently rinse thoroughly with water. Caution:
Aqua regia is highly toxic and corrosive and requires proper personal
protective equipment. Aqua regia should be handled in a fume hood
only.

2.1 Gold

Nanoparticle (AuNP)

Synthesis [24]

1. HAuCl4 solution: 1.0 mM. Weigh 0.197 grams of hydrogen
tetrachloroaurate (III) trihydrate (HAuCl4·3 H2O) (see
Note 1, chemical purity), and dissolve it in 500 mL of water
in a 1-L three-neck round-bottom flask to form a pale yellow
solution. Add a 1-inch Teflon-coated stir bar.

2. Trisodium citrate solution: 33.0 mM. Weigh 0.493 grams of
sodium citrate tribasic dihydrate (citrate) (see Note 2, NP size
control), and dissolve it in 50 mL of water to form a clear
solution.

3. Reflux condenser.

4. 500 mL media bottle.

2.2 Citrate to Thiol

Ligand Exchanges

1. 0.45 μm disposable poly(vinylidene fluoride) (PVDF) filters
(25 mm GD/XP filters, Whatman, Inc.).

2. 1.5 mL centrifuge tubes.

3. Poly(ethylene glycol) methyl ether thiol (PEGSH), average
MW ¼ 1000 Da (Laysan Bio, Inc., Arab, AL, USA) solution:
5.0 mM in water (see Note 3, potential ligands). Store at 4 �C.
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4. 8-mercaptooctanoic acid (MOA) (>95%, Sigma-Aldrich, St.
Louis, MO, USA) solution: 1.0 mM in water. Store at 4 �C.

5. Base solution: 10 mM sodium hydroxide in water (see Note 4,
role of base).

6. Deuterium oxide (D2O): D, 99.9%.

2.3 Inductively

Coupled Plasma Mass

Spectrometry (ICP-MS)

for Au Concentration

Determination

1. Ultrapure aqua regia solution: In a 3:1 ratio, combine HCl
(37 wt.% in H2O, 99.999% trace metal basis) and HNO3 (70%,
purified by redistillation,�99.999% trace metal basis) to form a
red, fuming solution (see Note 5, aqua regia cautionary
statement).

2. 5% aqua regia matrix: Add 25 mL of concentrated ultrapure
aqua regia to 475 mL of water.

3. 200 ppb Au stock solution: Dilute 2 μL of a gold standard for
ICP (Fluka, TraceCERT 1001 � 2 mg/L Au in HCl) with the
5% aqua regia matrix in a 10 mL volumetric flask.

4. 15 mL centrifuge tubes.

5. 10 mL volumetric flasks.

2.4 1H NMR for

Ligand Concentration

Determination

1. 5 mm borosilicate glass NMR tubes.

2. Acetonitrile (ACN) standard solution: 0.25% v/v, 15 μL of
ACN in 6 mL of D2O.

3. PEGSH solution: 1 mM in D2O. Store at 4 �C.

4. MOA solution: 1 mM in D2O. Store at 4 �C.

3 Methods

3.1 Synthesis of

13 nm AuNPs

1. While stirring at a rate of at least 800 rpm, bring the HAuCl4
solution to a rapid reflux, with a drip rate of approximately 1
drop/second.

2. Rapidly add the citrate solution to the refluxing solution. Allow
to mix for 5 min before removing from heat. Within these
5 min, the solution will change from yellow to clear to black
to purple to ruby red (λmax ¼ 519 nm, see Note 6, NP colors).
Cool the NP solution to room temperature before transferring
to a clean 500-mL media bottle. Store at 4 �C.

3.2 Preliminary

Controls for Citrate to

Thiol Ligand

Exchanges

3.2.1 Time of Ligand

Exchange

1. Before use, filter 50 mL of the citrate-capped AuNPs through a
PVDF filter. After filtration, concentrate the NPs by transfer-
ring 1.5 mL of NPs into a 1.5 mL centrifuge tube and centrifu-
ging the solution at 20,000 rcf for 5 min. Remove the
supernatant and add another 1.5 mL of NPs to the same
centrifuge tube. Centrifuge again, and remove the supernatant
to yield a concentrated pellet of citrate-cappedNPs (seeNote 7,
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washing citrate-capped NPs). This yields a single tube with a
concentrated particle pellet that will be used for subsequent
ligand exchange and analysis. Prepare a total of 16 tubes with
concentrated pellets (see Note 8, tube count).

2. Sequentially add 900 μL of water, 50 μL of PEGSH solution,
and 50 μL of base solution to resuspend the concentrated
pellets. Place the resulting mixtures on a temperature-
controlled mixer at 1000 rpm and 25 �C. To test the time
necessary for ligand exchange to proceed to completion while
at a high excess (seeNote 9, ligand excess), remove two tubes at
each time point (here, 1, 2, 3, 4, 6, 8, 20, and 24 h after
initiating ligand exchange) (see Note 10, time controls).

3. After the determined incubation time, wash the NPs by cen-
trifuging the tubes for 5 min at 20,000 rcf. Remove the super-
natant, and resuspend the pellet in 1 mL of water. Repeat this
washing process for a total of two washes in water and two
washes in D2O. After the final centrifuge cycle in the second
wash with D2O, remove the supernatant to yield the concen-
trated pellet of PEGSH-capped AuNPs.

4. These experiments establish the necessary time for ligand
exchange to proceed to a state consistent with equilibrium
(Fig. 1a). Once the plot of ligand density vs. time reaches a
plateau, it can be assumed that the ligand exchange has pro-
ceeded to completion. Here, a steady state is reached within
1 h, and all further experiments are conducted with an incuba-
tion time of 4 h to ensure that time is not a limiting factor in the
ligand exchanges (see Note 11, completion of ligand
exchange).

3.2.2 Determining

Necessary Excess Ligand

Concentrations

1. Repeat step 1 from Subheading 3.2.1 for ten tubes with con-
centrated pellets of citrate-capped AuNPs.

2. After the necessary time for ligand exchange to reach a steady
state is confirmed, the ligand excess with respect to NP surface
area must be tested so that experiments are conducted where
the ligand concentration is not the limiting factor for ligand
coverage on the NP surface. Resuspend the concentrated pel-
lets in various amounts of PEGSH to test different ligand
excess amounts, all with 50 μL of base solution, added sequen-
tially after the water and PEGSH. Here, for example, we will
use an excess of 5� (944.75 μL water/5.25 μL PEGSH),
10� (939.5 μL water/10.5 μL PEGSH), 20� (929.0 μL
water/21.0 μL PEGSH), 30� (918.5 μL water/31.5 μL
PEGSH), and 50� (897.5 μL water/52.5 μL PEGSH). Place
these tubes on a temperature-controlled mixer for 4 h.

3. After 4 h, wash the NPs as described in step 3 in Subheading
3.2.1. After the final centrifuge cycle in the second wash with
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D2O, remove the supernatant to yield the concentrated pellet
of PEGSH-capped AuNPs from the various ligand excesses.

4. These samples will establish the necessary ligand excess with
respect to surface area for ligand exchange to proceed to a
steady state (Fig. 1b). Once the plot of ligand density vs. ligand
excess reaches a plateau, a steady state of ligand density can be
assumed. Here, a steady state is reached at approximately a 20�
excess, and all further experiments are conducted with an
excess of 50� to ensure ligand excess is not a limiting factor
in the ligand exchanges (see Note 12, ligand exchange
completion).

5. These experiments were completed to establish the necessary
time and ligand excess for ligand exchange for the MOA ligand
as well. These controls yielded results consistent with those
obtained with PEGSH, and all subsequent experiments for
the MOA ligand will also be conducted at a 50� excess for 4 h.

3.3 Thiol-To-Thiol

Backfilling Procedure

1. Working with the pellet of PEGSH-capped AuNPs generated
after step 3 of Subheading 3.2.1, sequentially add 687.5 μL of
water, 50 μL of base solution, and 262.5 μL of MOA solution
to resuspend each pellet (see Note 13, MOA concentration).
Place these tubes on a temperature-controlled mixer for 4 h (see
Note 14, ligand exchange time).

2. After this time, wash the NPs as described in step 3 in Sub-
heading 3.2.1. After the final centrifuge cycle in the second
wash with D2O, remove the supernatant to yield the concen-
trated pellet of AuNP conjugates (seeNote 15, extent of ligand
exchange).

Fig. 1 Plots of PEGSH ligand density on the AuNP as a function of time in excess (50�) PEGSH (a) and as a
function of PEGSH excess after an incubation time of 4 h (b). Results indicate that maximum loading reaches a
steady state on the timescale of minutes and at an excess of at least 20�. Adapted with permission from
ref. 11. Copyright 2015 American Chemical Society
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3. Comparable experiments can be conducted for MOA-capped
AuNPs to be backfilled with PEGSH. In this situation, working
with ten tubes with a concentrated pellet of MOA-capped
AuNPs, sequentially add 897.5 μL water, 52.5 μL PEGSH,
and 50 μL of base solution to resuspend each pellet.

3.4 Thiol Co-Loading

Procedure

1. Filter and concentrate citrate-capped NPs as described in step
1 of Subheading 3.2.1 to obtain five tubes with concentrated
citrate-capped AuNPs.

2. To these concentrated pellets, sequentially add 792.5 μL of
water, 50 μL of base solution, 26.25 μL of PEGSH solution,
and 131.25 μL of MOA solution (see Note 16, premixing
ligand solutions). Place these tubes on a temperature-
controlled mixer for 4 h.

3. After this time, wash the NPs as described in step 3 in Sub-
heading 3.2.1. After the final centrifuge cycle in the second
wash with D2O, remove the supernatant to yield the concen-
trated pellet of mixed-moiety AuNPs capped with a mixture of
PEGSH andMOA ligands (seeNote 17, ligand stoichiometry).

3.5 ICP-MS

Preparations and

Method

1. Prepare 5 Au standards from the 200 ppb Au stock solution by
diluting in the 5% aqua regia matrix (see Note 18, matrix
considerations). Specifically, prepare the five different standards
of 1, 5, 10, 20, and 30 ppb by diluting 50, 250, 500, 1000, and
1500 μL of the 200 ppb Au stock to 10 mL with the 5% aqua
regia matrix in 10 mL volumetric flasks. Transfer the standards
to 15 mL centrifuge tubes for storage (see Note 19, storage of
standards).

2. Digest the washed pellets of thiol-capped AuNPs formed above
in the ligand exchange steps with ~5 μL of fresh, concentrated
aqua regia (see Note 20, digestion considerations). Allow
digestion to proceed overnight (see Note 21, extent of diges-
tion). After digestion, dilute the digested pellet to a volume of
500 μL. Then, remove 1 μL of this solution and dilute in 10mL
of the 5% aqua regia matrix.

3. Analyze the five standards by ICP-MS, measuring each stan-
dard five times and averaging to build a 5-point calibration
curve (see Note 22, multi-element calibration standards).
Next, analyze the unknown, digested thiol-functionalized
AuNP samples, measuring each in triplicate and averaging.
Use a five-minute flush time with the 5% aqua regia matrix
between each run, and analyze a blank sample consisting of
only 5% aqua regia between samples to confirm residual Au has
been removed (see Note 23, “sticky” elements).

4. In conjunction with the AuNP size (which can be determined
using transmission electron microscopy), the concentration of
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Au reported by the ICP-MS will allow for calculation of the
number of AuNPs in the sample. First, calculate the number of
Au atoms in the particle size used (e.g., 13 nm AuNPs contain
~71,970 atoms; see Note 24, number of atoms calculation).
Then, divide the number of Au atoms determined by ICP-MS
by the number of Au atoms in the AuNP to find the number of
AuNPs in the sample, taking into account any dilution factors.

3.6 1H NMR

Preparations and

Method

1. Prepare five PEGSH standards from the 1 mM PEGSH stock
solution by diluting in D2O. Specifically, dilute this stock for
the five different standards of 0.1, 0.25, 0.50, 0.75, and
1.0 mM by diluting 50, 125, 250, 375, and 500 μL of the
1 mM PEGSH stock to 500 μL with D2O. To each standard,
add 5 μL of the ACN standard solution. Mix well. Repeat these
dilutions for the MOA ligand to prepare five additional MOA
standards. Transfer each standard to an NMR tube.

2. Use the remainder of the digested and diluted AuNP samples
from step 2 in Subheading 3.5. Add 5 μL of the ACN standard
solution to each sample and mix thoroughly (see Note 25,
standard concentration). Transfer each sample to anNMR tube.

3. For all 1H NMR spectra to be obtained, it is recommended to
apply water suppression (seeNote 26, water suppression). Run
the first standard sample on an NMR to obtain the 1H spec-
trum (see Note 27, number of scans and signal-to-noise ratio).
Integrate the ACN standard peak and the most prominent
ligand peak (Fig. 2a). Repeat for the remaining standards to
generate a calibration curve for both PEGSH andMOA, where
ligand concentration is plotted against the integrated ratio of
ligand/ACN (Fig. 2b). From this plot, a linear equation can be

Fig. 2 Sample PEGSH 1H NMR spectrum displaying integrated peaks labeled in red (peak A from the PEGSH
and ACN) (a), and a sample calibration curve for PEGSH generated by plotting the PEGSH concentration against
the ratio of PEGSH to ACN integrated peak intensities (where “peak” refers to the selected peaks shown in (a))
(b). The equation of the line obtained from the calibration curve allows for the calculation of unknown ligand
concentrations. Adapted with permission from ref. 11. Copyright 2015 American Chemical Society
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obtained that will allow for the evaluation of the ligand con-
centration in the unknown samples.

4. After obtaining the 1H spectrum of each unknown, thiol-func-
tionalized AuNP sample, integrate the ACN standard peak and
the same ligand peak as was integrated for the relevant stan-
dards above. Using the equation from the calibration curve,
insert the ratio of ligand/ACN integrated peak intensities to
solve for the unknown ligand concentration in the sample.

5. Calculate ligand/particle numbers by dividing the number of
ligands found using NMR by the number of particles found
using ICP-MS. Ligand density in units of ligands/nm2 can be
calculated by dividing the number of ligands per particle found
using NMR by the surface area of a single NP (Fig. 3). Ligand
density can also be calculated by dividing the total number of
ligands found using NMR by the total amount of NP surface
area in the sample as determined by NP concentration. These
two density calculations give similar values.

4 Notes

1. Using pure reagents can help to improve both the yield and
monodispersity of the resulting NPs. Thus, it is recommended
to use the highest purity reagents available for both ligand

Fig. 3 Comparison of the amount of ligands appended to a AuNP and ligand
density for both single moiety (PEGSH and MOA) and mixed moiety (backfilled
(BF) and co-loaded) ligand exchanges. In both backfilling and co-loading, the
MOA dominates the ligand shell. Adapted with permission from ref. 11. Copyright
2015 American Chemical Society

24 Ashley M. Smith and Jill E. Millstone



exchange and NP synthesis. Polydispersity in the ligand MW
(chain length) can impact both ligand exchange and NP syn-
thesis [25].

2. The AuNP size can be controlled by altering the Au:citrate
molar ratio used in the particle synthesis. For 13 nm AuNPs,
a 1:3.35 Au:citrate molar ratio was used. By increasing this
ratio, larger NPs can be synthesized. Mole ratios of Au:citrate
higher than 1 are not recommended as they do not produce
stable, monodisperse NPs.

3. Here, 1 kDa PEGSH and MOA are used in the ligand
exchanges. Other water-soluble thiolated ligands can also be
appended to the NPs by following the same procedures
described here.

4. The base solution is added to the ligand exchanges to prevent
multilayer formation due to hydrogen bonding between the
terminal carboxylic acids on the MOA. While it is not necessary
to use the base with the PEGSH samples, it is added to all
ligand exchanges for consistency.

5. Aqua regia is highly toxic and corrosive. Wear proper personal
protective equipment and handle only in a fume hood. Do not
mix with organic solvents and always allow the solution to
vent—gasses evolve continuously upon mixing the HCl and
HNO3 solutions.

6. While not an absolute indicator, visual color inspection can be
useful in monitoring the AuNPs. Citrate-capped 13 nm AuNPs
will appear ruby red; as the particle size increases, the red will
darken to purple. Additionally, if at any time during subsequent
ligand exchanges the color dramatically changes (e.g., from red
to purple or black), the NPs have irreversibly aggregated and
will not be suitable for either further use or robust analysis.

7. Avoid over-washing the citrate-capped AuNPs. Because citrate
is weakly bound to the AuNPs, washing more than three times
will cause the NPs to begin to aggregate.

8. The number of tubes necessary for each sample will vary
depending on NP concentration, NP size, and ligand identity.
The number of tubes contained herein is appropriate for the
PEGSH and MOA system; the number can be increased or
decreased as necessary.

9. These concentrations of PEGSH are based on the ligand excess
with respect to NP surface area. See ref. 11 for a detailed
explanation and sample calculations.

10. The time necessary for ligand exchange can vary depending on
the ligand identity. It is therefore recommended to complete a
time analysis for all ligand types studied.
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11. If the ligand exchanges are not given enough time to proceed
to completion, the final ligand shell will be more variable in
terms of both composition and ligand quantity from batch to
batch. To ensure accurate and consistent particle preparation,
allow enough time such that the plot of ligand density vs. time
of ligand exchange has reached a plateau before continuing
with further ligand studies.

12. Similar to time of exchange being a limiting factor, a limiting
ligand excess will also produce variable particle conjugates with
inconsistent numbers of ligands.

13. Using this concentration of MOA will yield roughly a 50�
ligand excess with respect to particle surface area (depending
on exact NP concentrations). Here, we used a 50� excess out
of an abundance of caution to remain on the plateau region in
Fig. 1b, however a 50� excess is not necessary to achieve full
ligand loading as indicated by the surface coverage plot in
Fig. 1b. The ligand concentration mentioned in this step can
be adjusted depending on desired excess.

14. The time for ligand exchange can and should be altered,
depending upon the necessary time for the ligand exchange
to reach completion. As shown in Fig. 1a, the ligand loading
using the ligands described here reaches a steady state within an
hour, so any time frame longer than this period can be used.
We use 4 h as a compromise between experiment expediency
and an abundance of caution.

15. The ligand exchange of PEGSH for MOA is unlikely to
completely displace all of the original ligand present on the
NP surface (here, PEGSH). This incomplete exchange is
exceptionally likely in cases where the particle binding moiety
is the same for both the ligand on the particle and the ligand
that is being added (as is the case here). In this case, where we
seek to exchange PEGSH appended to the particle with a new
ligand, MOA, we have shown that the displacement is not
complete, and under the conditions listed produced a particle
with a ligand shell that is 13% PEGSH and 87% MOA. The
degree of ligand displacement depends strongly on the particle
binding moiety of the two ligands, as well as the total ligand
architecture. The degree of displacement must be determined
for every ligand combination studied. Luckily, the composition
of the ligand shell is readily extracted from the NMR experi-
ment described herein and does not require any additional
analytical steps or procedures. Indeed, there is no intrinsic
limit on the number of different ligands that can be identified
in a single NMR analysis, provided each ligand has at least one
spectroscopically distinct chemical shift and is present in a
quantity above the detection limit of NMR.
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16. It is recommended to premix the ligand solutions before addi-
tion to the AuNPs to ensure that neither one has additional
time for ligand exchange with respect to the other. Addition-
ally, these concentrations are to co-load the ligands at a 50�
total ligand excess, with a 25� excess for each ligand and at a
50:50 ratio. This ratio can be altered to yield final ligand shells
with different compositions [26] (see also Note 17).

17. When attempting to functionalization a Au NP with two
ligands simultaneously (i.e., “co-loading”), it is natural to
expect that the stoichiometry of the ligands added will be
reflected in their final composition ratios on the NP. Unfortu-
nately, the relationship is much more complex and depends on
both ligand–ligand interactions in solution (e.g., ligands may
form small aggregates or “rafts,” as in the case of lipids), as well
as the affinity of each ligand for the NP surface. The relation-
ship between the stoichiometry of ligands added and the stoi-
chiometry appended to the particle after ligand introduction
must be determined for every new ligand combination to
predict the relationship between the amount of ligand added
and the amount of ligand that ultimately binds to the particle.
However, two points are important to note, despite these
challenges. First, on-particle ligand compositions can be
tuned by changing the stoichiometry of the ligands added, it
just may not directly match the ratio added. Second, the NMR
analysis method can be used, in all cases, to elucidate what the
relationship is between ligand composition added and ligand
composition appended.

18. An aqua regia matrix is used since it is effective for digesting
Au. However, some metals (e.g., silver) are incompatible with
this matrix (since silver chloride will precipitate out in the
presence of the chloride ions). In these situations, the matrix
can be altered. For example, in the case of silver, a 5% nitric acid
matrix can be used.

19. For best results, prepare fresh standards for ICP analysis every
day, as any matrix evaporation or metal adsorption on contain-
ment vessels will alter the standard concentrations.

20. Use only a small (<10 μL) amount of aqua regia in the diges-
tion, as samples with a high ionic strength are difficult to tune
on the NMR.

21. After digestion, the Au samples will be a pale yellow color.
Black or purple specks indicate that the digestion is not com-
plete. Sonicating the tubes or placing them on the
temperature-controlled mixer at ~35 �C can aid in the
digestion.
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22. Calibration curves will be needed for all elements being ana-
lyzed on the ICP-MS. As long as there are no inter-element
interferences, multi-element standards can be used.

23. Certain elements, including Au and to lesser degree Ag, can be
“sticky” in the ICP-MS, leaving residual Au in the tubing and
internal components that will be reflected in subsequent mea-
surements. Long flush times and analyzing a blank will help to
confirm removal of the residual metals. Analyzing samples at
lower concentrations will also help to reduce the problem of
sticking, but if longer (>5 min) flush times do not yield clean
blank samples, a flush with 2% Triton detergent solution can
aid in the removal of sticky metals.

24. The number of atoms in a pseudospherical AuNP can be
estimated by using the diameter of the NP to find the NP
volume and dividing this volume by the volume of a Au unit
cell [11]. Then, knowing that there are 4 Au atoms/unit cell,
the number of atoms/particle is obtained.

25. While here we add 5 μL of ACN standard solution to both each
ligand standard as well as each ligand sample, this concentra-
tion can be adjusted so that the internal standard peak is
proportional in intensity to ligand peaks of interest.

26. Water suppression for the 1H NMR spectra is useful when the
AuNPs are synthesized and undergo ligand exchange in water.
Even after multiple washes in D2O, residual water will remain;
this water will contribute to a peak at 4.7 ppm. Depending on
the amount of water, the peak can be large, obscuring the
baseline for the relevant ligand peaks. A water suppression
pulse sequence minimizes this peak, allowing for a smoother
baseline and more accurate integration of the ligand peaks.

27. Depending on sample concentrations, more or less scans can be
run on each sample. For the concentrations contained herein,
64 scans should give sufficient resolution for a minimum sig-
nal-to-noise ratio of 10.
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