nature communications

Article https://doi.org/10.1038/s41467-026-68345-7

Atomically precise ligand engineering of
gold nanoparticles via interphase mass
transfer

Bihan Zhang"’, Feng Xiao*’, Xiaorong Song®, Moshugqji Zhu? ,
Qiaofeng Yao® 5% & Jianping Xie®'*

Received: 17 March 2025

Accepted: 26 December 2025

Published online: 12 January 2026

Precise surface engineering of gold nanoclusters (Au NCs) is critical for bioi-
maging. However, conventional methods often compromise the structural
integrity of Au NCs or result in uncontrolled ligand distribution due to rapid
reaction kinetics and etching side reactions. Herein, we develop an interphase-
assisted ligand exchange method, which leverages mass transfer resistance
between immiscible phases to precisely control the mass transfer of ligands.
This approach significantly suppresses side etching while maintaining
exchange kinetics, enabling high-yield, structure-preserving substitution of
diverse thiol ligands on Au NCs. By systematically introducing p-aminothio-
phenol (p-ATP) ligands, we reveal that increasing p-ATP density on Au,s NCs
shifts their biodistribution in female BALB/c nude mice from liver and spleen
to kidneys, highlighting the tunability of organ targeting through ligand
engineering. The methodology developed here not only boosts the surface
engineering to molecular resolution, but also provides a platform for studying
ligand effects of metal nanomaterials at the same resolution.

M Check for updates

The precise surface engineering of nanoparticles (NPs) has emerged
as a pivotal strategy in advancing bioimaging technologies, particu-
larly due to the crucial role surface ligands play in mediating the
interaction of NPs with biological systems'™. Fine-tuning the surface
chemistry of NPs not only enhances their stability and biocompat-
ibility but also governs their biodistribution, cellular uptake, and
clearance pathways, which are key determinants in imaging perfor-
mance and clinical translation®®. However, achieving atomically
precise ligand engineering remains a formidable challenge, primarily
due to the intrinsic difficulties associated with the synthesis, char-
acterization, and stability of conventional NPs at the atomic level.

The heterogeneity of nanoparticle surfaces and the dynamic nature
of surface-bound ligands further complicate efforts to achieve con-
trolled functionalization, impeding progress in nanoscale-to-atomic-
level surface engineering'® %

Gold nanoclusters (Au NCs), a unique subclass of gold nano-
particles, have garnered significant interest in bioimaging due to their
distinct physicochemical properties” ™. Distinguished by their ultra-
small size (<3 nm), Au NCs possess molecule-like properties, including
discrete electronic structures and near-infrared 11 (NIR-II)
photoluminescence'®'*”, which make Au NCs particularly suitable for
bio-imaging, where deep tissue penetration, minimal autofluorescence,
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and high contrast are paramount. However, this size regime presents a
fundamental challenge, that is the high surface-area-to-volume ratio
makes their biological behavior exquisitely sensitive to the chemical
nature of the protecting ligand shell. Their ultimate fate in a biological
system—from biodistribution and clearance to biocompatibility and
cellular interactions—is dictated largely by the surface ligands rather
than the inert gold core™®?, Therefore, while the unique optical
properties of Au NCs are highly attractive for bioimaging, unlocking
this potential is fundamentally a problem of surface chemistry. Without
methods for achieving unprecedented control over ligand composi-
tion, their behavior remains difficult to predict and optimize, hindering
their rational design for specific biological applications.

One of the most distinctive advantages of Au NCs is their well-
defined atomic structure, often referred to as [Au,(L),]%, where n, m,
and q denote the number of gold atoms, ligands (L), and net charge,
respectively” %, provide an ideal platform for investigating the rela-
tionship between surface chemistry and bioimaging performance.
However, the practical realization of precision-controlled surface
engineering of NCs remains an unmet challenge. While various meth-
ods have been developed to modify the ligand shell of NCs**%, each
approach presents significant limitations. Direct synthesis is laborious
and time-consuming, with unpredictable final products due to the
complex fundamentals of NCs' synthesis®*?°. In contrast, ligand
exchange offers a more accessible and feasible route for engineering
protecting shell of Au NCs, as the size of parent Au NCs holds a good
chance to be retained®. However, it turns out difficult to precisely
control ligand distribution in ligand exchange reaction most probably
due to the rapid reaction kinetics*. Moreover, maintaining the struc-
tural integrity of Au NCs during ligand exchange also faces some
problems®, as free ligands can also induce etching reaction, which is
a major side reaction compromising the structural and thus property
stability of Au NCs**¥". For bioimaging applications of Au NCs, pre-
serving the structure is crucial to retain their NIR-Il emission char-
acteristics, as the emission wavelength is closely tied to the structural
configuration of the NCs*%*, As a result, development of a con-
trollable, structure-preserving ligand exchange technique remains an
unmet need, impeding deeper insights into the ligand effects on bio-
imaging of Au NCs.

In this study, we develop an interphase mass transfer strategy to
understand and realize atomically precise ligand exchange on the
surface of Au NCs. This interphase mass transfer method depends on a
diffuse phase boundary established by two partially miscible solvents,
like ethyl acetate (EA) and water. Through the mass transfer barrier
established by this phase boundary, we are able to program the con-
centration of free ligands in a mild and sustainable way, which can
significantly mitigate the etching side reaction induced by con-
centrated free thiols. By this way, we achieve precise, high-yield, and
structure-preserving ligand exchange of thiolate-protected Au NCs.
Using Au,s(p-MBSA);s NCs as a model*°, where p-MBSA denotes para-
mercaptobenzenesulfonic acid, we performed ligand exchanges with a
variety of thiol ligands, including para-mercaptobenzoic acid (p-MBA),
3-mercaptopropionic acid (MPA), and 6-mercaptohexanoic acid
(MHA), among others. The interphase-assisted ligand exchange—
where Au NCs are dispersed in an aqueous phase and free incoming
ligands in an organic EA phase—enables biased control over the
kinetics of ligand exchange reactions and side etching reactions.
Remarkably, this interphase mass transfer method slows down the
kinetics of side etching reaction by 60-fold, while exerting marginal
influence on the ligand exchange kinetics. This provides a good
mechanism to minimize the side ligand etching reaction during the
ligand exchange process, maintaining a high ligand exchange yield of
94% while preserving the structural integrity of parent Au,s NCs.
Moreover, the mild ligand exchange kinetics sustained by the inter-
phase mass transfer strategy provides a precise control over the extent
of ligand exchange on the surface of Au NCs, as well as a good

versatility toward a wide range of thiol ligands with varied ligand body
structures and functional groups. Leveraging this approach, we suc-
cessfully synthesize a series of -SOsH and -NH, co-protected Au,s NCs
with customizable ligand distributions. Intriguingly, the delicately
customized surface charge density on as-synthesized bi-thiolate-
protected Au NCs makes possible their discriminated in-vivo accu-
mulation profiles in different mammalian organs. These findings reveal
the critical role of surface ligands in bio-imaging at the atomic level,
highlighting the potential of our method for advancing ligand engi-
neering chemistry from nanoscale to atomic resolution.

Results

Understanding the ligand exchange reaction

Developing an advanced ligand exchange method requires a deep
understanding of the ligand exchange mechanism. It is well-
established that excess free ligands in solution effectively initiate
ligand exchange on the surface of Au NCs***'. However, excess ligands
also accelerate the undesirable etching of the cluster cores, particu-
larly in the presence of dissolved oxygen**** This etching reaction
compromises both the monodispersity and structural integrity of
parent Au NCs, representing a major side reaction against precise
ligand engineering (Fig. 1).

It has now become clear that suppression of the etching side
reaction kinetics should be conducive to improving the yield of the
desired ligand exchange product. To better elucidate the factors
driving etching reaction, we formulated its rate by Eq. (1):

% =KgoeplAu NCSP[SR)” @
where the kg, is the rate constant, and x and y are the reaction orders
with respect to Au NCs and thiolate ligands (SR), respectively. By
determining the reaction orders, we aimed to clarify the roles that Au
NCs and free ligands play in the etching reactions. To quantify this, we
monitored the absorbance of Au,s NCs at 698 nm, which is a good
index of cluster concentration [Au NCs] based on the Beer-Lambert’s
law, during etching reaction under varying concentrations of Au,s(p-
MBSA);s and free ligands. For this analysis, we strategically chose p-
MBA as the model ligand; its moderate reactivity induces a measurable
etching rate, providing a clear kinetic signature that can be accurately
quantified. By taking the logarithmic form of Eq. (1), we can have Eq. (2)
below, in which the left-hand-side term can be obtained by
differentiating the absorbance data over time (the detailed calculation
process can be found in Supplementary Information).

In (— %) =Inkg,e, + xIn[Au NCs] + yIn[SR] )

By plotting the In(-d[Au NCs]g./dt) against In[Au NCs] (in excess
SR) and In[SR] (in excess Au NCs), we are able to deduce the x and y
values, respectively. As shown in Fig. 2a and Supplementary Fig. 1, a
reaction order of 1.8 for free ligands and 0.04 for AuNCs, i.e., g, =1.8
and Xg., =0.04, can be deduced. This result indicates that etching
reaction is highly sensitive to ligand concentration, and a minor
change in the concentration of ligand can induce significant changes in
etching reaction rate.

By similar way, we investigated the dependence of ligand
exchange reaction rate on the concentration of free thiol ligands. The
rate of ligand exchange reaction can be modeled by Eq. (3).

In (_ %) =Ink;; +xIn[Au NCs]+yIn[SR] 3)

By calculating the reaction order for ligands in the exchange
reaction (Fig. 2b, see Supplementary Information for calculation
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Fig. 1| Schematic illustration of competing ligand exchange and etching reactions between Au NCs with thiols. Para-mercaptobenzoic acid (p-MBA) and para-

mercaptobenzenesulfonic acid (p-MBSA) are employed as model ligands.

details), we determined it to be 0.3 (i.e., y, g = 0.3) substantially lower
than that for etching reaction. The vastly different rate dependence of
etching and ligand exchange reactions on [SR] affords a good
mechanism to fine modulate the reaction kinetics of parent Au,s NCs
with incoming free thiols, selectively suppressing the undesired side
etching reaction. Specifically, delicately reducing ligand concentration
can slow down the rate of etching reaction significantly, while much
less influential to the rate of ligand exchange reaction. Therefore, by
properly lowering the concentration of free thiol ligands and supply-
ing them in a sustainable manner, we can achieve high-yield ligand
exchange with minimized side etching reaction, thereby maintaining
the structural integrity and monodispersity of parent Au,s NCs.

Design of interphase-assisted ligand exchange method
Based on the above quantitative understandings on the [SR] depen-
dence of reaction kinetics, we hypothesize that a delicate control over
the [SR] can become possible via an interphase mass transfer method.
We accommodated the Au,s(p-MBSA);g and incoming free thiol
ligands (e.g., p-MBA) in water and organic phases (Fig. 2c-d), respec-
tively. The selection of two partially miscible phases, like water-EA in
this prototype case, is critical in our methodological design, as a par-
tially miscible interphase region can be established between these two
phases, implementing a notable yet not too high mass transfer barrier
to the diffusion of free thiols and Au,s NCs. Upon mixing of water and
EA phases, both free ligands and Au NCs diffuse toward the miscible
interphase region, in which the reactions between free ligands and Au
NCs actually take place. By this way, the concentration of free thiol
ligand can be controlled at a properly low level, and the organic phase
can serve as a reservoir of free thiol ligands, assuring a constant and
stable supply of free thiol ligands upon consumed by ligand exchange
reactions. Such delicate and sustainable supply of free thiol ligands can
sufficiently drive the ligand exchange reaction while minimizing the
side etching reaction. As a result, a high-yield, high monodispersity,
structure-preserving ligand exchange reaction is expectable between
the original Au,s(p-MBSA);s NCs and p-MBA ligands.

To optimize this interphase-assisted ligand exchange strategy, it is
essential to understand the key factors governing ligand diffusion
between the two phases. The diffusion flux of free ligands can be

described by the simplified Fick’s first law (Eq. (4)):
D
Ngg= Az (Csm - CSRZ) *)

where Ngp is the diffusion flux of free ligands (SR); Az represents the
distance along the diffusion path; Csg; and Csg, are the ligand con-
centrations at the starting and ending points along the diffusion
pathway, and D is the diffusion coefficient. This equation highlights
that the diffusion rate is primarily governed by the diffusion coefficient
D, which can be expressed using the Wilke-Chang equation (Eq. (5)):

T

D=7.4x10""(eM)*? 06

©)

Here, @ is the association factor of the solvent; M is the molecular
weight of the solvent; T is the absolute temperature; p is the viscosity
of the solvent, and V is the molar volume of the solute at its
boiling point.

Among these variables, the viscosity (u) of the solvent plays a
crucial role, as temperature and molar volume remain constant under
our experimental conditions, and the molecular weight (M) has a
relatively small impact due to its low exponential power (0.5). Addi-
tionally, the association factor ¢, ranging from 1 for non-polar solvents
to ~2.6 for highly associated solvents (like water), exerts only a mod-
erate influence as it is also subject to a power of 0.5. Thus, the viscosity
of the solvent emerges as a dominant factor in controlling the diffusion
coefficient D. Viscosity is influenced by the interactions between sol-
vent molecules, such as hydrogen bonding, dipole-dipole interactions,
and van der Waals forces, which are more prevalent in solvents with
high polarity. Therefore, selecting a solvent with appropriate polarity
and viscosity is essential for optimizing the diffusivity of free thiol
ligands in this two-phase ligand exchange reaction.

Beyond physical solvent properties, the ligand’s charge state,
governed by the aqueous phase pH, offers a powerful chemical handle
to control the reaction. We investigated the pH effects by performing
the exchange reaction between Au,s(p-MBSA)1s and p-MBA at pH 5, 7,
and 9, respectively. The results (Supplementary Fig. 2) show a strong
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Fig. 2 | Design of the interphase-assisted ligand exchange method. a Linear fit of
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in the etching reaction. b Linear fit of In(— d[Au NCs]/dt) against In([SR]) to
determine the reaction order of ligands (y.¢) in the ligand exchange reaction.

¢ Schematic representation of the interphase-assisted ligand exchange setup.

d Schematic illustration of the mechanism governing interphase-assisted ligand
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exchange reactions. e Comparison of etching reaction rate across interphase-
assisted ligand exchange reactions with different organic phases. f Comparison of
ligand exchange in interphase-assisted ligand exchange reactions with varying
organic phases. All experiments were conducted with Au NCs at a concentration of
0.025 mM unless otherwise indicated.

pH dependence, where negligible exchange occurred at pH 5, while the
number of incorporated p-MBA ligands increased to -1 at pH 7 and -2 at
pH 9. This trend is rationalized by the protonation state of the
incoming p-MBA (pKa ~4.5). At pH 5, its carboxylic groups are exten-
sively in neutral form and favor the organic phase, limiting its avail-
ability in the interphase regime where ligand exchange reactions
occur. Conversely, at higher pH, the deprotonated -COO~ groups
become more hydrophilic, increasing its concentration at the water-EA
interphase and accelerating the ligand exchange reactions. Given this
significant influence, and to achieve a moderate and controllable rate

of interphase-assisted ligand exchange, we standardized the aqueous
phase at a buffered pH of 7.0 for all subsequent experiments.

To experimentally verify our hypothesis, we carried out the
reactions between Au,s(p-MBSA);s NCs and free p-MBA ligands in
water-organic two-phase systems with the polarities of organic phase
varied from 3.4 to 4.4 (i.e., octanol, hexanol, pentanol, butanol, and
EA). In each case, p-MBA ligands were dissolved in the organic phase
while Au,s NCs were dispersed in the aqueous phase. We evaluated
both etching and ligand exchange reactions in aforementioned water-
organic two-phase systems (calculation details and the cluster species

Nature Communications | (2026)17:1630


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68345-z

a b
——0h
1h
_ Au,5(p-MBSA)o3(p-MBA)5.15
-‘é‘ Interphase-assisted
g ligand exchange 6-
s
B\ s
s \p-MBA : Au NCs =100 "
5 \ oy
: \/ ) |
- 1S
400 500 600 700 800 900 1000 500 1000 1500 2000 2500
Wavelength (nm) m/z
d e

——1h

Oh

Augs(p-MBSA),5(p-MBA) 513

T T
1540 1560

m/z

3: Auys(p-MBSA),(p-MBA),

T 1
1580 1600

2: Auys(p-MBSA),(p-MBA),;
4: Au,5(p-MBSA);(p-MBA),;5

Water-only
ligand exchange Au,(p-MBA),
Au,(p-MBA),

p-MBA : Au NCs =100

600 700 800
Wavelength (nm)

Absorbance (arb. units)

900

400 500 1000 500 1000 1500

miz

2000

Fig. 3 | Comparison of ligand exchange reactions in interphase-assisted and
water-only single-phase systems with high ligands concentration. a UV-vis
absorption spectra and b ESI-MS spectra of Au NCs after 1 h ligand exchange
reaction in the interphase-assisted system with a molar ratio of p-MBA to Au,s(p-
MBSA);s =100: 1. Enlarged and detailed ESI-MS analysis of the signal peak (red
rectangle) in b is presented in ¢ and f. 0.025 mM of Au,s(p-MBSA);s is dissolved in
aqueous phase at pH 7, while 2.5 mM of p-MBA is dissolved in EA phase. d UV-vis

—

2500

f

Auas(p-MBSA),(p-MBA),5
o

p-MBSA
6.7%

|

Au(p-MBSA)(p-MBA) ’
.79
36T%  puy(p-MBSA), (p-MBAY,,
42.4%

absorption spectra and e ESI-MS spectra of Au NCs after 1h ligand exchange
reaction in the water-only single-phase system under the same ligand and cluster
concentration conditions. ¢ Detailed identification of Au,s(p-MBSA);5.,(p-MBA),
species in ESI-MS spectrum of the interphase-assisted ligand exchange reaction,
with f corresponding Au,s(p-MBSA),s.,(p-MBA),, species and ligand species (i.e., p-
MBA and p-MBSA) compositional analyses, highlighting the effectiveness of the
interphase-assisted ligand exchange method.

1
1
|
|
|
|
|
|
1
1
|
|
: 1: Auys(p-MBA), g
|
|
1
1
|
|
|
|
|
|
3000 |

identification can be found in Supplementary Information and Sup-
plementary Figs. 3-7). The results (Fig. 1e) show that increasing the
polarity of the organic phase leads to a significant decrease in etching
reaction rate. This observation supports our hypothesis that solvents
with higher polarity retard the diffusion of free thiol ligands, thereby
slowing down the etching reactions. In the meantime, a slower diffu-
sion can lead to a lower effective concentration of ligand, which can be
seen from Fig. 1f that the organic solvent with higher polarity give rise
to lower surface coverage by the incoming ligand.

Among the solvents tested, the water-EA system demonstrated
optimal performance, reducing the etching rate by more than 68-fold,
from 1.11 x 107 to 1.61 x 10> mM Au NCs/h, compared to the water-only
single-phase ligand exchange reaction (Supplementary Fig. 8). In
contrast, ligand exchange in the water-EA system exhibited only a 5.5-
fold decrease in p-MBA coverage—from 11% in the water-only system to
2% in the water-EA system (Supplementary Figs. 9-11), indicating that
ligand exchange reaction was preserved despite the significant sup-
pression of etching reaction. This stark contrast highlights that the
mass transfer resistance made possible by the water-EA two-phase
design effectively passivates the etching reaction while exerting less
impact on the ligand exchange reaction.

To further validate that the ligand exchange occurs pre-
dominantly within the miscible interphase region, we introduced
positively charged counterions, trimethylphenylammonium chloride
(TPAC) and tributylmethylammonium chloride (TMAC), into the water
phase to enhance the solubility of negatively charged Au,s(p-MBSA)g
within the interphase region. Our experimental results confirmed that
both TPAC and TMAC facilitated the ligand exchange process in two-
phase reactions, significantly improving the reaction kinetics com-
pared to the bare EA-water system (Supplementary Fig. 12). Specifi-
cally, compared to the bare water-EA system which yielded minimal
exchange (n = 0-1), adding TMAC or TPAC increased the extent of p-
MBA incorporation to distributions of n=0-5 and n=0-6, respec-
tively. Notably, the superior efficacy of TPAC is likely due to favorable

Ti-Tt stacking interactions between its phenyl group and the incoming
p-MBA ligand, further facilitating the reaction at the cluster surface.
This compelling evidence together with pH effect we discussed before
identified that the miscible interphase is indeed the primary reaction
locus, and that our method allows for tunable control by modulating
the concentration of either the free ligand (via solvent or pH) or the
nanocluster (via phase-transfer catalysts) within this critical region.

Interphase-assisted ligand exchange reaction

To demonstrate the efficacy of this interphase-assisted ligand
exchange method in precisely displacing surface thiolate ligands in
high yield and purity, we first conducted the ligand exchange reaction
in large excess of incoming p-MBA ligands. A 100:1 molar ratio of p-
MBA to Au,s(p-MBSA);s was applied in both the interphase-assisted
and water-only single-phase ligand exchange systems. The UV-vis
absorption spectra (Fig. 3a, d) unambiguously manifest a superior
ability of the interphase-assisted ligand exchange method to preserve
the structure of parent Au NCs. After 30 min of ligand exchange
reaction, approximately 94% of the Au,s(p-MBSA),5 remained intact in
the two-phase system (Fig. 3a), whereas only about 34% persisted in
the single-phase system, underscoring a severe etching reaction
occurred in the latter system (Fig. 3d).

In order to shed molecule-level light on the ligand exchange
reaction, we carried out electrospray ionization mass spectrometry
(ESI-MS) analyses in both interphase-assisted and single-phase sys-
tems. As shown in Fig. 3b, e, the ESI-MS spectrum acquired in
interphase-assisted system displays clean and monodispersed cluster
peaks, while that recorded in single-phase system shows messy and
polydispersed cluster peaks, closely resembling those of the etching
reaction products® (species analysis of single-phase ligand exchange
reaction can be found in Supplementary Fig. 13). A detailed species
analysis of the interphase-assisted ligand exchange product is illu-
strated in Fig. 3¢, f. All observed cluster peaks can be assigned to four
different clusters, i.e., Au,s(p-MBSA)5.,(p-MBA),, (n=0-3). For easy
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identification, cluster peaks corresponding to individual n values are
marked by different colors in the ESI-MS spectrum (Fig. 3c). The iso-
tope patterns of each species are shown in the Supplementary Fig. 14.
We then calculated the percentage of each cluster in the ligand
exchange product based on their peak intensities in ESI-MS spectrum.
Au,s(p-MBSA),(p-MBA),7 is the most abundant species and constitutes
42.4% of all Auys NCs. The second most abundant species is measured
to be Au,s(p-MBSA),(p-MBA)¢ with a population of 36.7%, and the
totally exchanged species, i.e., Au,s(p-MBA);s takes the rest 20%
population. That is p-MBA exchanged over 90% p-MBSA on the surface
of Au,s(p-MBSA);g, transferring the -SO;~ covered Au,s NCs to -COO~
protected one. These findings validate our hypothesis that controlling
free ligand concentration through interphase mass transfer approach
can effectively suppress etching reactions, promoting high-yield
ligand-exchange reactions.

Beyond its ability to suppress the etching reaction, the interphase-
assisted method is also able to offer precise control over the ligand
exchange extent. We explored a wide range of p-MBA to Au,s(p-
MBSA);s ratios in the interphase-assisted system, and obtained ligand-

exchanged Au,s(p-MBSA)s..(p-MBA),, in a whole spectrum of n=0 - 18
(Fig. 4b), as revealed by ESI-MS (Supplementary Fig. 15). Compared
with the water-only single-phase system (Fig. 4a and Supplementary
Fig. 16), the interphase-assisted approach produced a narrower ligand
distribution at low free ligand to Auys ratios end (i.e., p-MBA: Au,s(p-
MBSA);s =0 ~ 6), demonstrating that the modulated mass transfer by
the water-EA two-phase design enables a precisely controlled ligand
exchange process. Similar narrow ligand distribution can be found at
the high p-MBA: Au,s(p-MBSA);s ratio = 100 or above. By contrast, the
ligand distribution turns relatively broad at moderate p-MBA: Au,s(p-
MBSA);g ratios ranging from 6 to 100. Therefore, this study also
unambiguously identifies the ligand distribution limits in the ligand-
exchange reactions. It should be mentioned that the single-phase
approach, most likely due to its less effective control over ligand
exchange kinetics, produces bi-thiolate-protected Au,s(p-MBSA)s.,(p-
MBA),, in a much broader ligand distribution almost through the entire
Pp-MBA: Au,s(p-MBSA);g ratio range (Fig. 4a).

Apart from phenyl ligands like p-MBA and p-MBSA, this
interphase-assisted approach is also applicable for driving the ligand
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exchange reactions with alkyl ligands like MPA and MHA. By dissolving
MPA or MHA into the EA solution at a MPA or MHA: Au,s(p-MBSA);g
ratio of 200, the interphase mass transfer method is able to induce the
ligand-exchange reaction, giving rise to a yield of >90% in terms of the
ligand-exchanged Au,s NCs (Supplementary Fig. 17a, c). ESI-MS was
also employed to characterize the ligand distribution on the surface of
ligand-exchanged Au,s NCs, which manifested formula of Au,s(p-
MBSA)6.16(MPA)2_12 for MPA and AUZS(p‘MBSA)é_u(MHA)7_12 for MHA
exchange clusters (Supplementary Fig. 17b, d). The zoomed-in ESI-MS
spectra and isotope patterns can be found in Supplementary
Figs. 18 and 19.

Besides functionalizing Au,s(p-MBSA),s with phenyl or alkyl thio-
late terminated by carboxylic groups, ligands terminated by other
function groups can also be anchored on the surface of Au,s through
the interphase-assisted ligand exchange strategy. Hydrophilic ligands
with neutral (e.g., nitrothiophenol (NTP) and mercaptophenol (MP))
and positive (e.g., aminothiol phenol (p-ATP)) charges, as well as
hydrophobic ligands (e.g., thiophenol (TP)), can be deployed to fur-
nish the surface of Au,s(p-MBSA);s. As shown by the ESI-MS spectra
(Fig. 5), NTP, p-ATP, and MP showed similar exchange extent (Au,s(p-
MBSA);5.14(NTP)o.s,  Aus(p-MBSA)1514(p-ATP)o4, and  Auxs(p-
MBSA)15.14(MP)o-4), most probably due to their similar aromatic
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structures and hydrophilicities (Supplementary Figs. 20-22). In con-
trast, the hydrophobic TP replaced up to 9 p-MBSA ligands. Of note,
TP-exchanged Au,s NCs by this way exhibited notable amphiphilicity,
enhancing clusters’ solubility in the interfacial regions of EA-water
system. Such enhanced solubility can further promote ligand
exchange reaction and result in a broader ligand distribution in the
final product (Supplementary Fig. 23).

Importantly, this interphase-assisted ligand exchange approach
also exhibits general applicability to other size and ligand-protected
Au NCs, such as Auy(GSH);s (GSH: glutathione) and Aug4(p-MBA),g.
Structural integrity is effectively maintained during ligand exchange,
allowing the introduction of diverse ligands onto the Au NCs’ surface
(Supplementary Figs. 24 and 25). These findings highlight the versati-
lity of this strategy for creating structurally robust, ligand-tailored
metal NCs that hold promise for broad functional applications in
bioimaging, catalysis, and many other fields.

Given the distinct ability of this method to control the ligand
exchange process (Fig. 4b), we expect that by varying the feeding ratio
of incoming thiol ligands, it is possible to produce a series of bi-ligand
protected Au NCs with tailored properties. This capability will enable
deeper exploration of ligand effects on nanoparticle properties and
their applications, particularly in the biomedicine fields.

. Auys(p-MBSA),,.15(NTP),,

1000 1500 2000 2500 3000

500
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MP-MBSA)13~16(ATP)5~2
500 1000 1500 2000 2500 3000
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Fig. 5 | Versatility of interphase mass transfer-assisted ligand exchange method. Ligand exchange of Au,s(p-MBSA);s with various ligands containing different

functional groups.
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Ligand effect on biodistribution

Understanding how surface ligands influence the bio-distribution and
organ accumulation of NPs is essential for their successful application
in bio-imaging and targeted drug delivery*. The surface charge, lar-
gely imparted by functional groups of protecting ligands, has been
shown critical for biological behavior of NPs”*, Previous reports have
indicated that NPs with zwitterionic coatings can prohibit protein
corona formation, exhibiting longer blood circulation times. It is also
suggested that NPs with zwitterionic surface have distinctly different
biodistribution profiles compared to those with purely anionic or
cationic charges®®. However, there is still a lack of precise under-
standing on the mechanism of zwitterionic coatings affecting the
biodistribution profiles, due to the inherent challenges of manipulat-
ing conventional NPs at the atomically precise level.

Leveraging the interphase-assisted ligand exchange method
developed in this study, we are able to fine tune the surface charge of
Au,s NCs by precisely locating oppositely charged ligands like p-ATP
and p-MBSA on cluster surface. Experimentally, positively charged p-
ATP was accommodated in EA phase, while Au,s(p-MBSA);5 NCs were
dissolved in aqueous phase. The coverage of p-ATP can be simply
tuned by the feeding ratio of p-ATP: Au,s(p-MBSA)s. This capability of
precise surface engineering allowed us to explore, at a molecular level,
how zwitterionic coatings affect biodistribution of metal NPs. In par-
ticular, by modifying the surface composition of Au NCs, we aimed to
shed light on why zwitterionic ligands reduce protein interactions and
alter organ accumulation in vivo.

To this end, we synthesized a series of bi-ligand Au NCs using
different p-ATP feeding ratios (p-ATP: Au,s(p-MBSA)5 =4, 20, 50, 150).
The resulting bi-ligand Au NCs, Aus(p-MBSA);s(p-ATP);, Au,s(p-
MBSA)14(p‘ATP)4, AUZS(p'MBSA)lo(p'ATP)g and AUZS(p'MBSA)g(p'
ATP)o (the number of p-ATP here denotes the average number on the
surface of Au NCs), were identified by NMR spectra (Supplementary
Figs. 26-29). These bi-ligand protected Au NCs displayed a gradual
positive shift in surface charge as the concentration of p-ATP increased
(Supplementary Fig. 30). This positive shift in surface charge is also in
good accordance with successive incorporation of positive p-ATP
ligands into the protecting shell of Au,s NCs.

It is well-established that Au,s(SR);s NCs exhibit strong NIR-II
fluorescence upon appropriate excitation. To assess any possible
ligand effects on fluorescence, we compared the concentration-
dependent fluorescence profiles of Au,s(p-MBSA);s and p-ATP/p-
MBSA co-protected Au NCs in vitro (Fig. 6a). Quantitative fluorescence
analyses revealed comparable emission intensities among all tested
NCs at equivalent concentrations (Fig. 6b), indicating that ligand
modifications did not significantly alter intrinsic fluorescence prop-
erties. This result provided a robust basis for subsequent comparative
investigations of in vivo biodistribution.

We utilized real-time NIR-Il imaging (808 nm excitation) to moni-
tor the systemic distribution of Au,s NCs in mice. The p-ATP/p-MBSA
co-protected Au NCs exhibited dynamic trafficking to key organs (liver,
spleen, kidneys, and bladder), followed by effective renal clearance
(Fig. 6c). Notably, ligand-dependent shifts in biodistribution were
observed. The negatively charged Au,s(p-MBSA);s NCs, bearing exclu-
sively anionic carboxylate groups, preferentially accumulated in the
liver and spleen. Conversely, increasing p-ATP ligand ratios progres-
sively redirected NC distribution from hepatic and splenic retention
toward renal elimination. At 3 h post-injection, bladder fluorescence
signals from Au,s(p-MBSA);s were negligible compared to p-ATP-
modified counterparts. By 6 h, higher proportions of p-ATP ligands
correlated with enhanced bladder fluorescence and reduced hepatic
retention (Fig. 6d-e), suggesting improved renal clearance efficiency.

Ex vivo NIR-1l imaging of harvested organs further validated these
observations, clearly showing reduced accumulation in liver and
spleen and enhanced renal excretion due to zwitterionic p-ATP mod-
ification (Fig. 6f-6i). To quantitatively assess in vivo clearance, Au

concentrations in metabolic outputs were measured via inductively
coupled plasma mass spectrometry (ICP-MS). At 24 h post-injection,
the p-ATP-modified Au NCs (Au NCs: p-ATP=1:150) exhibited
approximately 20% injected dose (ID) urinary excretion, twice that
observed for Au,s(p-MBSA);sNCs (Fig. 6j and 6k). Fecal Au excretion
was consistently ~5% ID across all groups, further confirming the p-
ATP-mediated enhancement of renal elimination.

To further investigate the role of surface charge and functional
groups, we performed a control experiment by introducing hydroxyl
(-OH) groups instead of -NH, on the surface of Au,s(p-MBSA);s (Sup-
plementary Fig. 31a-e). Interestingly, unlike the -NH,-modified Au NCs
(i.e., Auys(p-MBSA).g.,(p-ATP),), the -OH modification (i.e., Au,s(p-
MBSA)5.,(MP),,) did not significantly alter the accumulation of Au NCs
from the liver to the kidneys. Instead, the -OH-modified Au NCs exhib-
ited a more even distribution throughout the body, without a pro-
nounced shift toward renal clearance. This finding suggests that the
-NH, group plays a critical role in directing Au NCs towards kidney
excretion, likely due to its positive charge and ability to form zwitter-
ionic structures at physiological pH (pK, of -NH, is 10.46)*. The -OH
group, being neutral, did not produce the same effect, further empha-
sizing the importance of surface charge in determining biodistribution.

To ensure that the observed biodistribution trends were not
influenced by any differences in colloidal stability, we next examined
the stability of the partially ligand-exchanged Au,s NCs under various
pH and ionic strength conditions. Four bi-ligand-protected Au NCs
were incubated in pH 4 (sustained by sodium tetraborate buffer), pH 7
(PBS buffer), pH 9 (potassium hydrogen phthalate buffer), and high-
salt solution (100 mM NaCl) for 24 h. UV-vis absorption spectra
recorded within 24 h (Supplementary Figs. 32, 33) showed no sig-
nificant shifts or peak broadening for any of the tested NCs in above-
mentioned conditions, indicating that all tested Au NCs remain
colloidally stable across the concerned pH range and at physiological
ionic strength. Thus, the Au,s NCs retain their structural integrity
under physiologically relevant conditions, and the variations in organ
uptake we observed can be attributed to the intended ligand shell
differences rather than any instability. Coupled with the rapid renal
clearance of these NCs within 24 h post-injection, these stability results
support the reliability of our in vivo findings and affirm the suitability
of the ligand-engineered Au,s NCs for biological applications.

These results underscore the importance of surface charge in
dictating biodistribution of bioactive nanoparticles. The zwitterionic
configuration of the Au,s(p-MBSA)s.,(p-ATP),, NCs, balancing positive
and negative charges, likely reduces protein adsorption, minimizes
liver and spleen accumulation, and facilitates renal clearance. This
study provides useful insights into how ligand design, particularly the
choice of terminal functional groups, can be optimized for specific
biomedical applications, such as targeted imaging and drug delivery.

In summary, we developed an interphase mass transfer assisted
ligand exchange strategy for precise surface engineering of atomically
precise metal NCs. This method effectively utilizes mass transfer
resistance between partially miscible phases to regulate free ligand
concentration, minimizing side etching reaction and thus allowing for
high-yield, structure-preserving ligand exchange reaction on parent
metal NCs. Using Au,s(p-MBSA);s as a model system, we successfully
introduced a wide spectrum of ligands with varied charge (i.e., nega-
tive, neutral, and positive), ligand body structure (i.e., phenyl and
alkyl), and terminal groups (e.g., carboxylic, sulfonic, hydroxyl, and
nitro), to create bi-thiolate-protected Au NCs with controlled ligand
distributions. A series of p-ATP-p-MBSA co-protected Au,s NCs man-
ufactured via this method demonstrated a clear shift in accumulation
from the liver and spleen toward the kidneys with increasing amounts
of p-ATP on the surface of Au,s NCs, shedding fundamental light on
ligand effects of metal NPs on their biological fate. By systematically
tuning the surface charge through ligand engineering, we can design
NCs with optimized biodistribution profiles for applications in bio-
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Fig. 6 | Precise ligand engineering promoted bio-distribution of Au,5; NCs. a NIR
1l fluorescence images and b corresponding quantification of Au,s(p-MBSA),g,
Au,s(p-MBSA)15.,(p-ATP),, (synthesized via the interphase-assisted ligand exchange
at molar ratios of p-ATP: Au,s(p-MBSA)s = 4, 20, 50, and 150) at various con-
centrations. The assay was repeated three times for each sample group. ¢ NIR Il
imaging at different time points monitoring the metabolism of Au,s(p-MBSA)s,
Au,s(p-MBSA)15.,(p-ATP),, (at molar ratios of p-ATP: Au,s(p-MBSA)s = 4, 20, 50, and
150) with the concentration of 10 uM in the liver and bladder. Scale bar, 1 cm. The

NIR II fluorescence quantification in d liver and e bladder of mice over time. Three
mice per group (independent experiments). NIR Il fluorescence imaging of major
organs at f1h and g 24 h post-injection of different Au NCs (10 pM), along with their
corresponding fluorescence quantification at h 2 h and i 24 h. Scale bar, 1 cm. Three
mice per group (independent experiments). Au content in j urine and k feaces
collected over 24 h post-injection, quantified by ICP-MS. Three mice per group
(independent experiments). All the data are shown as mean + SD (n =3 mice per
group). ns: not significant, *p < 0.05, **p < 0.01, **p < 0.001 (Student’s t-test).

imaging, targeted drug delivery, and many other sectors of nanome-
dicine. This work not only offers a facile and versatile method for
atomically precise engineering of cluster surface but also affords
fundamental insights into the ligand exchange and etching reaction of
metal NCs at molecular level, facilitating the rational design of func-
tional nanomaterials for targeted bio-imaging and drug delivery at the
same resolution.

Methods

Animal ethics

Female BALB/c mice (6 weeks old, n=45) were sourced from the
Guangdong Medical Laboratory Animal Center under standardized

conditions. Female mice were utilized to avoid aggressive interactions
inherent to males of this immunodeficient strain. All animal experi-
ments were approved by the Institutional Animal Care and Use Com-
mittee of Southern University of Science and Technology (Approval ID:
SUSTech-SL2024022812). These experiments were conducted in strict
compliance with relevant laws and ethical standards as specified in the
Guide for the Care and Use of Laboratory Animals by the National
Institutes of Health.

Synthesis of Au NCs protected by p-MBSA and p-MBA
The synthesis protocol was designed based on the CO-reduction
method developed by our group in 2020. In a typical synthesis,

Nature Communications | (2026)17:1630


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68345-z

ligands (i.e., p-MBSA or p-MBA) (6.5 mL, 50 mM), NaOH (0.25 mL, 1 M),
and an aqueous solution of HAuCl, (7.5 mL, 20 mM) were added into
134 mL ultrapure water in sequence. After stirring for about 5min,
NaOH solution (1 M) was used to adjust the pH of the solution to 10.8,
and the solution was continued stirring vigorously for 30 min. After
that, one bar of CO was bubbled into the solution for 2 min. Immedi-
ately afterward, the reaction bottle was tightly sealed using a rubber
septum and secured with parafilm to ensure an airtight environment,
preventing any leakage of CO gas or ingress of oxygen. The sealed
bottle was then carefully placed on a magnetic stirrer in a maintained
ambient temperature (-25 °C) and protected from direct exposure to
sunlight to prevent undesired photochemical reactions. The raw pro-
ducts were collected after reacting for 6 days with stirring at 500 rpm
at room temperature and followed by a rotary evaporation to con-
centrate the mother solution. Finally, the products were precipitated
by introducing 3-fold volume of ethanol and washed by dimethylfor-
mamide for 3 times. The purified Au NCs was dissolved in 15 mL of
ultrapure water (0.3 mM) then used to conduct ligand exchange
reactions.

Etching reaction kinetics investigation

Etching reaction was carried out by mixing Au,s(p-MBSA);g with p-MBA
in aqueous solution. The absorbance of Au,s NCs was continuously
monitored at 698 nm, as the concentration of Au,s NCs follows Beer-
Lambert’s law:

A=¢excxl

where A is the absorbance; ¢ is the molar absorptivity; c is the con-
centration of Auys NCs, and | is the path length of the cuvette The
etching reaction rates were calculated by differentiating the absor-
bance data over time, and the logarithmic plots were fitted using linear
regression to extract the reaction orders. Different concentrations of
Au,s(p-MBSA);5 and p-MBA were tested to examine their effect on the
etching kinetics.

Ligand exchange reaction kinetics investigation

Ligand exchange reaction was also carried out by mixing Au,s(p-
MBSA);s with p-MBA in aqueous solution like the etching reaction. The
ligand exchange reaction was terminated at specific time intervals by
precipitating Au NCs using ethanol at three times the volume of the
reaction solution, supplemented by the addition of a concentrated
NaCl solution to achieve a final NaCl concentration of 1 M. The pre-
cipitation was washed by DMF for three times to eliminate the free
ligands. And then the product of bi-ligand protected Au,sNCs were
redissolved in D,O and tested 'H spectra in NMR to determine the
concentrations of individual ligands. The ligand exchange reaction
rates were calculated by differentiating the concentration of exchan-
ged Au NCs over time, and the logarithmic plots were fitted using
linear regression to extract the reaction orders.

Two-phase ligand exchange reaction

The two-phase ligand exchange reaction was conducted by simply
mixing an aqueous phase contained Au NCs and an organic phase
contained desired thiol ligands. The aqueous phase is 2mL of
0.025 mM aqueous solution of purified Au,s(SR).s, adjusted precisely
to pH 7 using dilute CH;COOH solutions. The organic phase is pre-
pared by dissolving certain amount of ligands (e.g., p-MBA, MPA, MHA
and so on.) in 2 mL of EA. The two phases are mixed by vigorous stirring
at 1000 rpm for 1h. The product in aqueous phase was collected by
separation after the stratification for further characterization.

Single-phase ligand exchange

A certain amount of Au NCs (e.g., 0.025 mM) and ligands were added
into ultrapure water together. After 1h stirring, the suspension is col-
lected and purified by ultracentrifuge to remove excess free ligands.

Calculation of etching kinetics in two phase ligand exchange
To compare the etching kinetics across two-phase ligand exchange
reactions with different organic phases. We monitor the time-
dependent absorbance of Au,s NCs at 698 nm in UV-vis spectra,
which can be transferred to molar concentration using Beer-Lambert’s
law, and then used to calculate the etching kinetics of Au,s NCs.

Calculation of ligand exchange kinetics in two phase ligand
exchange

To compare the ligand exchange kinetics across two-phase ligand
exchange reactions with different organic phases. We collect the
ligand exchange product synthesized via different organic two-phase
ligand exchange reaction at the same time, 30 min. The maximum
number of exchanged p-MBA ligands on the Au NC surface, repre-
sented by the maximum n in Au,s(p-MBSA).s.,(p-MBA),,, was used to
calculate ligand exchange kinetics, with n determined by ESI-MS
spectra (Supplementary Figs. 2-6).

Animal experiments

Female BALB/c mice, aged 6 weeks, were obtained from the Guang-
dong Medical Laboratory Animal Center. All animal experiments were
approved by the Institutional Animal Care and Use Committee of
Southern University of Science and Technology (Approval ID: SUS-
Tech-SL2024022812). These experiments were conducted in strict
compliance with relevant laws and ethical standards as specified in the
Guide for the Care and Use of Laboratory Animals by the National
Institutes of Health.

Bioimaging

To investigate the in vivo distribution of different NCs in mice, we
administered Au,s(p-MBSA).s, Au,s(p-MBSA)s.,(p-ATP),, (synthesized
via water-EA two-phase ligand exchange reaction at ratios of p-ATP:
Au,s(p-MBSA)5=4, 20, 50, and 150, where p-ATP denotes p-ami-
nothiophenol), and Au,s(p-MBSA)s.,(MP),, (synthesized via water-EA
two-phase ligand exchange reaction at ratios of MP: Au,s(p-
MBSA);g = 20 and 150, where MP denotes mercaptophenol) via tail vein
injection. The distribution of these NCs was monitored at various time
points using a NIR II fluorescence imager (NIROPTICS, Series IIl 900/
1700) with a laser power of SW (approximately ~20 mW cm™). To
enhance our monitoring of the NCs’ distribution, we performed ex vivo
imaging of the 1 h and 24 h post-injection. To monitor the metabolism
of Au NCs, we collected urine and feces 24 h after the injection of Au
NCs using metabolic cages, during which the mice were subjected to a
2-h water deprivation period. The Au content was then quantified by
ICP-MS (Agilent, 7900).

Statistical analysis

Data are presented as means +tstandard deviation (SD). In vivo
experiments were performed independently in three separate trials,
with each group comprising at least three replicates. Statistical ana-
lyses were conducted using GraphPad Prism 8 software, employing
Student’s t-tests analysis of variance. A p-value of less than 0.05 was
considered statistically significant in this study.

Materials characterization

UV-vis absorption spectra were recorded with a Shimadzu UV-1800
spectrometer. Electrospray ionization (ESI) mass spectra were
obtained on a Bruker Micro TOF-Q system, with a sample injection
velocity of 540 pL min™. The other parameters are as follows: dry gas,
2L min™ at 120 °C; m/z range, 100 - 6000; capillary voltage, 4kV;

Nature Communications | (2026)17:1630

10


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-026-68345-z

nebulizer, 0.4 bar; transfer time, 25 ps. Nuclear magnetic resonance
(NMR) analysis was conducted on a Bruker Avance DMX 500 spectro-
meter operating at 500.13 MHz for 'H. Zeta potential was measured on
Malvern Zetasizer Pro. The bioimaging was conducted using a NIR-Il
fluorescence imager, NIROPTICS, Series Il 900/1700, with a laser
power of SW.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
All data underlying this study are available from the corresponding
author upon request. Source data are provided with this paper.
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