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Abstract 

This thesis is aims to understand the controlling photoluminescence of noble metal 

nanoclusters (gold and silver) by surface engineering. 

In the first work, a simple ligand exchange strategy has been used to form atomically 

precise 29 atom silver nanoclusters (NCs), Ag29(BDT)12–x(DHLA)x (x = 1–6) with around 

44-fold quantum yield (QY) enhancement compared with parent Ag29(BDT)12 NCs to 

understand the role of ligands on the structural and optical properties of Ag29 NCs, 

where BDT and DHLA are 1,3-benzene-dithiol and dihydrolipoic acid, respectively. 

Ligand-exchanged Ag29(BDT)12–x(DHLA)x NCs were confirmed by high-resolution, and 

the structures of the Ag29(BDT)11(DHLA) NCs were obtained through density functional 

theory (DFT) and further experimentally determined by collisional cross-section (CCS) 

analysis of ion mobility mass spectrometry (IM MS). A predicted structure of 

Ag29(DHLA)12 NCs consisting of an icosahedral core with an Ag16S24 shell was confirmed 

by DFT optimization. The metal core is responsible for photoluminescence (PL), and 

ligands play a significant role in the enhancement of PLQY. 

In the second work, water-soluble and structurally unknown 11-Mercaptoundecanoic 

acid-protected gold nanoclusters (Au@MUA NCs) were synthesized and investigated 

to understand the ligands parameters-dependent PL properties. Surface engineering 

was carried out, including ligand exchange with the different lengths of the alkane 

chain and ligand conjugation with the charged terminal carboxyl group of the ligands. 

The results suggest that the ligand’s length and ligand functionalities play a significant 

role in the PL properties of Au@MUA NCs and the PL mechanism was further 

confirmed. The external oxidation was carried out to investigate that the ligands are 

oxidized and the transformation of nanoparticles (NPs) was obtained from NCs via 

external reduction.        

In the third work, a simple ligand exchange was used to make green fluorescent NCs 

protected with 6-aza-2-thiotymine (ATT) transformed into red luminescent NCs with 
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extra ligand 11-Mercaptoundecanoic acid. The shift in emission wavelength might be 

mainly dominated by electronic structure transformation measured by optical 

spectroscopies. Additionally, the carboxylate group from ligand 11-

Mercaptoundecanoic acid contributed to the supramolecular structure of new Au NCs 

that can offer more stable PL properties in neutral pH conditions. Enhancement of PL 

induced by interlocked ligand shell by lowering the temperature and neutralizing pH 

revealed the LMMCT effect in PL.    
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Zusammenfassung 

Das Ziel dieser Arbeit ist es, die Steuerung der Photolumineszenz von Edelmetall-

Nanoclustern (Gold und Silber) durch Oberflächentechnik zu verstehen. 

In der ersten Arbeit wurde eine einfache Ligandenaustauschstrategie verwendet, um 

atomar präzise 29-atomige Silbernanocluster (NCs), Ag29(BDT)12–x(DHLA)x (x = 1–6) mit 

etwa 44-facher Quantenausbeute zu bilden (QY)-Verstärkung im Vergleich zu 

ursprünglichen Ag29(BDT)12 NCs, um die Rolle von Liganden auf die strukturellen und 

optischen Eigenschaften von Ag29-NCs zu verstehen, wobei BDT und DHLA 1,3-

Benzoldithiol bzw. Dihydroliponsäure sind. Ag29(BDT)12–x(DHLA)x NCs mit 

Ligandenaustausch wurden durch hohe Auflösung bestätigt, und die Strukturen der 

Ag29(BDT)11(DHLA) NCs wurden durch Dichtefunktionaltheorie (DFT) erhalten und 

weiter experimentell bestimmt durch Kollisionsquerschnittsanalyse (CCS) mittels 

Ionenmobilitäts-Massenspektrometrie (IM MS). Eine vorhergesagte Struktur von 

Ag29(DHLA)12 NCs bestehend aus einem ikosaedrischen Kern mit einer Ag16S24 Schale 

wurde durch DFT-Optimierung bestätigt. Der Metallkern ist für den Ursprung der 

Photolumineszenz (PL) verantwortlich, Liganden spielen eine bedeutende Rolle bei 

der Verstärkung von PLQY, gemäß den experimentellen Daten und der DFT-

Strukturanalyse von atomar präzisen NCs, Ag29-yAuy(BDT)12–x(DHLA) x (wobei y, x = 0, 

0; 0, 1; 0, 12 bzw. 1, 12). 

In der zweiten Arbeit wurden wasserlösliche und strukturell unbekannte 11-

Mercaptoundecansäure-geschützte Gold-Nanocluster (Au@MUA NCs) synthetisiert 

und untersucht, um die parameterabhängigen PL-Eigenschaften der Liganden zu 

verstehen. Oberflächentechnik wurde durchgeführt, einschließlich 

Ligandenaustausch mit den unterschiedlichen Längen der Alkankette und 

Ligandenkonjugation mit geladenen terminalen Carboxylgruppen der Liganden. Die 

Ergebnisse deuten darauf hin, dass die Länge des Liganden und die 

Ligandenfunktionalitäten eine bedeutende Rolle bei den PL-Eigenschaften von 

Au@MUA-NCs spielen, und der PL-Mechanismus wurde weiter bestätigt. Eine externe 
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Oxidation wurde durchgeführt, um die oxidierten Liganden zu untersuchen, und die 

Umwandlung von Nanopartikeln (NPs) aus NCs wurde durch externe Reduktion 

erreicht. 

In der dritten Arbeit wurde ein einfacher Ligandenaustausch verwendet, um mit 6-

Aza-2-thiotymin (ATT) geschützte grün fluoreszierende NCs mit dem zusätzlichen 

Liganden 11-Mercaptoundecansäure in rot lumineszierende NCs umzuwandeln. Die 

Verschiebung der Emissionswellenlänge könnte hauptsächlich durch die elektronische 

Strukturtransformation dominiert werden, die durch optische Spektroskopie 

gemessen wird. Darüber hinaus wird die Carboxylatgruppe des Liganden 11-

Mercaptoundecansäure induziert, um die neuen NCs mit supramolekularer Struktur 

zu bilden, die unter neutralen pH-Bedingungen stabilere PL-Eigenschaften bieten 

können. Die durch die ineinandergreifende Ligandenhülle induzierte Verstärkung von 

PL durch Absenken der Temperatur und Neutralisieren des pH-Werts zeigte einen 

LMMCT-Effekt bei PL. 
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1 Introduction 

1.1 Noble metals and noble metal nanoparticles (NPs) 

Noble metals have an indispensable influence on human civilization, whose history can 

be traced back to ancient Egyptian civilization. They have been used as representatives 

of luxurious handicrafts and precious artworks in the past and now are widely used in 

healthcare, aerospace, electrical industry and electronics information, chemistry and 

energy, and other industries based on their robust nature.1 They are consisting of 

metallic elements that have extraordinary resistance to oxidation and corrosion under 

extreme conditions, so that do not corrode and are not easily reacted with chemicals, 

like acids.2 And the metals generally include ruthenium, osmium, rhodium, iridium, 

palladium, platinum, silver, and gold, which are unreactive in periodic table terms.2             

Noble metals decreasing in nanoscale exhibit completely different physicochemical 

properties compared with their bulk counterpart. Metal nanoparticles (NPs), also 

called zero-dimensional (0D) materials, whose free electrons of metal atoms on the 

surface of the nanoparticles interact with light causing collective oscillations of 

electron charge to form oscillating electronic dipoles, and the oscillation is in 

resonance with the frequency of visible light. These resonant oscillations are known 

as localized surface plasmon resonance (LSPR) as in Figure 1. In addition, the size, 

shape, and composition of nanoparticles can be used to tune NPs´ optical properties 

since they can affect the electron cloud density.3-6  

 

Figure 1: the localized surface plasmon resonance effect observed in nanoparticles using an 

electromagnetic field.7  
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1.2 Noble metal nanoclusters (NCs) 

Colloidal chemists make huge efforts of scientific research on metal nanoparticles after 

more than a century, but many questions are still hard to answer, for example, what 

precise composition protects NPs surface, or how and which edge sites are surface 

adsorbates bonded to the inorganic metal core? Addressing these fundamental 

problems drives nanoscientists to understand atomically precise nanoparticles and 

determine their structures, including metal core structure and arrangement of surface 

ligands.  

These atomically precise nanoparticles, normally called nanoclusters or quantum 

clusters, are composed of a few to a hundred metal atoms and a definite ligand shell 

and exhibit molecular-like properties due to strong quantum confinement with size 

shrinks to the ultrasmall regime (with diameter <2-3 nm).8-10 The NCs have the 

existence of discrete electronic energy levels, not like overlapping of electronic bands 

as metal nanoparticles possessing unique optical properties can be regarded as a link 

between organometallics and plasmonic nanoparticles as in Figure 2.11 Their quantum 

size and discrete electronic states also rationalized NCs physicochemical properties, 

such as photoluminescence,12-14 chirality,15-17 catalysis,14, 18-21 magnetism22-24 and 

electrochemistry 25-27.    

The nanoclusters with precise formulas show better stability explained by ‘‘superatom 

electronic theory’’. For example, the number of free electrons is in the series of 2, 8, 

18, 20, 34, 58, ..., 92, and these numbers are called ‘‘magic’’ numbers. The number of 

free electrons of metal clusters with ligands can be formulated as  

NS = NVA − L − q (eq. 1) 

, where NS is the free electrons number, N is the metal atoms number, VA is the 

effective valence electrons, L is the number of single electron-withdrawing ligands, and 

q is the total charge on the cluster.10    
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Figure 2: Quantum-sized metal nanoclusters bridge the gap between atoms and nanocrystals.8  

 

Metal nanoclusters firstly studied in the gas phase in the 1960s were produced by the 

method of chemical sputtering or pulsed laser evaporation etc.28-30 The naked clusters 

of Au18
+, Au25

+, Au38
+, and Au102

+ have extraordinary stability investigated by Baksi et 

al.31 However, isolation of gas-phase clusters in the free form is still a big challenge. 

The first report present that phosphine ligands in the solution phase were used to 

protect the gold core to synthesize Au11(SCN)3(PPh3)7 with highly monodispersed in 

1969.32  
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2 Noble metal NCs: synthesis and properties 

2.1 Synthesis of metal NCs 

Now, there are two different methods, namely, bottom-up and top-down, used to 

synthesize noble metal nanoclusters. The bottom-up approach means that metal 

nanoclusters can be synthesized by using organic ligands (eg. thiolates or phosphines 

etc.) to reduce metal ion precursors (eg. gold or silver ions etc.) with the assist of 

reducing agents (eg. sodium borohydride, NaBH4). In this way, the nucleation of 

clusters can be efficiently controlled by varying the quantities of ligands and reducing 

agents. Among these, the Brust method is the most typical example to synthesize 

organic soluble metal nanoparticles and nanoclusters, where metal precursors were 

dissolved in an aqueous solution and phase-transferred to an organic solution with the 

assist of phase transfer agents (eg. tetraoctylammonium bromide, TOAB). The Brust-

Schiffrin method was used to synthesize nanoclusters in a single-phase (eg. THF, MeOH, 

water). In another approach, the top-down approach, bigger metal nanoparticles were 

used to synthesize nanoclusters via core etching or size reduction. Adhikari et al.33 

investigated a facile synthesis of silver NCs involved in two stages, formation of 

plasmonic silver NPs and synthesis of silver NCs with bright red fluorescence via 

etching. In this synthesis, silver ions will be reduced by ligands dihydrolipoic acid (DHLA) 

to form silver nanoparticles, and then, Ag NPs were etched to smaller Ag29(DHLA)12 

NCs with solution stirring. These Ag29 NCs are mentioned later in this thesis. 

Furthermore, Chakraborty et al.10 summarized all lately synthetic routes, top-down 

methods include alloying, ligand exchange, and ligand-, temperature-induced etching. 

Bottom-up method includes, apart from the Brust method, photoreduction, 

microwave-assisted method, radiolytic approach, sonochemical synthesis, template 

mediated method, electrochemical synthesis, solid-state route, high-temperature 

route, slow reduction method and another solution phase etc.10 From this synopsis, 

dendrimer Poly(amidoamine) PAMAM, polymer Poly(methacrylic acid) PMAA, DNA, 

protein BSA can be used as ligands apart from thiolates and phosphines.10  
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2.2 Electronics structure of metal NCs 

Bulk metals are shiny and superior conducting based on free electron foaming in 

continuous band electronic structure, where the energy gap is equal to 0 (Figure 3.E). 

As the size of metal decreases to nanoscale, especially less than 100 nm, metal NPs 

interacting with light cause various size- or shape-dependent colors of NPs involved in 

SPR phenomenon (Figure 3) and have a highly surface-to-volume ratio. When size of 

metal shrinks further (smaller than 3 nm), metal NPs with quasi continuous electronic-

band structure, metallic state, transit to metal NCs with discrete energy level structure 

akin to molecules (Figure 3.C). Figure 3.C shows the electronic structure of Au25(SH)18
- 

compound, where the highest occupied molecular orbital (HOMO), lowest 

unoccupied molecular orbital (LUMO), LUMO+1, and LUMO+2 compose sp-band 

mostly consisting of 6sp atomic orbitals (green line) of gold. In the structure, the 

HOMO-1 to HOMO-5 constitute a d-band mainly consisting of 5d10 atomic orbitals 

(blue line) of gold. Furthermore, the 3p atomic orbitals (orange line) of S cannot be 

ignored in this compound. The HOMO-LUMO transition a and b present intraband (sp 

to sp) transition and c show interband transition (d to sp) in Figure 3.C, which can be 

seen directly from UV-vis absorption spectrum such as Au25 and Au38 in Figure 3.D. 

Normally, optical spectra of clusters show a broad band like a hump, which is hard to 

distinguish between humps or peaks, so that wavelength is converted to energy by 

simply using wavelength (nm) =1239.8/energy (eV).10 In addition, the absorbance 

value needs to be multiplied by the factor 1/W2, where W is the energy value in eV 

converted from the wavelength value in nm.29                     
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Figure 3: (A). The size regime exhibits quantum size, 1 to 3 nm, and regular metallic state NPs size, 3 

to 100 nm. (B). atomic electronic structure. (C). Molecular like electronic structure of NCs. (D). The 

difference between electronic structures of big NPs and NCs measured by absorption spectra. (E). 

electronic structure of metallic NPs and bulk metals (Ef means Fermi energy).34 

 

2.3 Crystal structures of metal NCs 

To understand clusters stability, physicochemical properties, and interfacial bonding 

between metal core and ligands, the total structure of metal clusters are necessary to 

consider. In these decades, single crystals of nanoclusters can be grown to determine 

crystal structure by X-ray crystallography. The kernel structures of gold and silver 

nanoclusters reported include single-crystalline (eg. face-centered cubic (fcc), body-

centered cubic (bcc), hexagonal close-packed (hcp), and multiple-twinned (eg., 

icosahedron, decahedron).   

The structure of Au36(SPh-tBu)24 were proposed as a Au28 fcc kernel and 4 

cuboctahedra, which exposes four {111} facets protected by a Au2(SR)3 dimeric staple 

motif and six {100} facets protected by two simple –SR thiolates. As so, the ligand 

played an important role in the stability of Au36 nanoclusters.35 Other fcc structures 

were investigated from Au23[(SR)16]-, Au24(S-Adm)16, Au28(SR)20, Au30S(SR)18, Au40(SR)24, 
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Au52(SR)32,  [Ag62S12(StBu)32]2+,  [Ag67(SPhMe2)32(PPh3)8
3+, Ag14(SC6H3F2)12(PPh3)8 

nanoclusters, etc.  

Bcc-structured Au38S2(S-Adm)20 with 1-adamantanethiolate nanocluster was 

investigated a (Au30) inner core with two bcc cubes arrangement.36 Similarly, 

Ag15(Ntriphos)4Cl4 (N-triphos: tris((diphenylphosphino)methyl)amine) nanocluster has 

a hexacapped bcc core structure.37 And thus, Au18(SC6H11)14 nanoclusters with 

cyclohexanethiolate ligands were found a Au9 hcp kernel protected by one Au4(SR)5 

tetramer, one Au2(SR)3 dimer, and three Au(SR)2 monomers staple motifs.38  

The icosahedron is basically the most widely core structure in gold and silver 

nanoclusters. The Au25(SR)18 nanocluster was reported an icosahedral Au13 kernel, 20 

triangular faces, protected by six dimeric staples Au2(SR)3 capped by 12 exterior gold 

atoms and uncapped by 8 facets.39 Au133(SR)52 NC was found a two-shell icosahedral 

structure.40 In addition, Bakr et al. proposed that Ag29(BDT)12(TPP)4 cluster has a Ag13 

icosahedral core and a Ag16S24P4 shell made of four Ag3S6 crowns and four Ag1S3P1 

motifs.41 A similar structure of Ag29(DHLA)12 cluster was also found in a Ag13 

icosahedral core. In addition, NCs of Ag44(SR)30, Ag25(2,4-DMBT)18 and 

Ag32(dppm)5(SAdm)13 and Ag33(SCH2CH2Ph)24(PPh3)4 have an icosahedral core.42  

The structure of Aun(SR)m was first discovered has a decahedral core of Au102(SR)44 

cluster, where a decahedral Au49 kernel capped by a 15-Au atom at the top and bottom 

was protected by five monomeric staples at the top and bottom, nine monomers and 

two dimers at the twist.43 Cluster Au130(SR)50 was found by Chen et al. as a decahedral 

structure.44 

 

2.4 Understanding preciseness of metal NCs 

Normally, metal clusters have some precise formulas as mentioned above, which can 

be characterized by various mass spectrometric techniques (eg. Matrix-Assisted Laser 

Desorption Ionization Time of Flight Mass Spectrometry (MALDI TOF MS), High-
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Resolution Electrospray Ionization Mass Spectrometry (HRESI MS) or Tandem MS). 

Nondestructive MALDI mass spectrometry is the most common of the LDI techniques 

and irradiates with laser pulse samples mixed with matrixes causing single-charged 

protonated or deprotonated species.45 Matrixes include sinapinic acid, cinnamic acid 

and trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene] malononitrile (DCTB) 

etc.10 Moreover, MALDI MS normally are used to characterize large mass molecules, 

such as proteins, polymers, and metal clusters up to m/z of 500000. To note, MALDI 

MS can get spectra of good resolution and precisely determine compositions of 

clusters by choosing suitable matrix, otherwise, it can devastate clusters causing 

fragmentations. Compared with MALDI MS, ESI MS is an easier and softer ionization 

measurement to produce plenty of molecular ions and small fragmentations by using 

ion source and works well in aqueous soluble clusters.10, 46 ESI MS technique nebulizes 

liquid samples to occur liquid droplets applying a strong electronic field, and then, the 

highly charged droplets released were dispersed and desolvated in form of micron or 

submicron size leading to charged ions of large molecules from deprotonated and 

protonated molecules through positive and negative modes.45 In the ESI measure, the 

complete clusters can be determined without Au-S cluster fragmentation by laser 

desorption. Such that, ESI is used for metal clusters composition assignment and 

MALDI is used for resolution of the purity of metal NCs. Recently, a combination of 

MALDI and ESI is common to determine the composition of clusters.47   

Except for MALDI and ESI MS, tandem MS (MS/MS) and ion mobility MS (IM-MS) are 

also the bests technique used very much on biological samples, such as proteins 

similar masses. MS/MS are popularly used for mass-selected metal NCs to understand 

structure and composition.48 Furthermore, IM-MS are normally used to understand 

fragmentations of the ions of species that were passed through helium or nitrogen 

gases causing collision cross-section (CCS) from different sizes and shapes. Then, the 

CCS shows different drift times and species get separated. Baksi et al. segregated 

dimers and trimers of cluster [Au25(SR)18]2
2- in the gas phase.49 IM can also be used to 

characterize the structure of clusters. Kappes et al. studied cluster cations Aun
+, and 
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combined experimental values and theoretical CCS from density functional theory DFT 

calculations to confirm that the clutser Aun
+ have both planar structures and three-

dimensional structures with different n of clusters.50  

 

2.5 Understanding the structure of metal NCs by other 

techniques 

The structural stability and ligand compounds of metal clusters can be also 

characterized by Nuclear magnetic resonance (NMR). For metal NPs NMR 

spectroscopy, NMR measurement of the capping ligands can provide detailed 

information about properties of the particle core, including electronic structure, 

atomic composition, or compositional architecture, as well as the characteristics of 

ligand shell including ligand composition, arrangement, and dynamics.51 Considering 

NMR spectra, conduction electrons in the metal has a coupling of nuclear spin (defined 

as hyperfine coupling in bulk metals) resulting in NMR spectra and hydrogen molecules 

adsorbed to metal NPs surface causing a 1H NMR spectrum.51 Such nuclear coupling to 

the unpaired conduction electrons in the metal NPs results in a significant change in 

NMR frequency called as chemical shift. The chemical shift is normally sensitive to the 

local electronic environment surrounding the ligand nuclei, and the magnitude of the 

shift is sensitive to the electronic structure of metallic NPs. The chemical shift results 

in the differences in chemical shielding that is composed of a diamagnetic and a 

paramagnetic contribution. Furthermore, the molecular electronic structure and the 

orientation of the molecule influence the magnitude of the chemical shielding.52 In 

solution, the averages related to dipole-dipole coupling due to rapid reorientation of 

the small molecule cause an isotropic chemical shift and sharp resonance lines in the 

solution phase NMR experiment.51 However, the traditional 1H NMR is hard to study 

mixed ligand system. So that more advanced NMR spectroscopy, like 2-dimensional 

(2D) NMR, combined with traditional NMR can overcome the limitations. Jin et al 

reported the identification of the binding modes of thiolate ligands on the surface of 
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Au25(SG)18 NCs using NMR measurement.53 The fine spectral features of 

Au25(SG)18 NCs determined by one-dimensional (1D) and 2D NMR indicate two 

different types of surface binding modes of surface thiolates.  

For thiolates NCs, infrared spectroscopy is also the most used to investigate the 

binding mode of thiol group on the metal NCs surface, like Fourier transform infrared 

spectroscopy (FTIR). Similar to NMR, NCs features of IR spectra tend to be identified 

with their corresponding free ligands. A vibrational mode of a molecule is IR active, 

and the electric dipole moment of the molecule can be changed upon absorption of 

light to provide the molecular structure and interactions.54 The absorption of infrared 

light due to the excitation from the ground vibrational energy level to a higher energy 

level gives information on molecular structure and molecular interactions. Attenuated 

total reflectance (ATR) FTIR followed by the total internal reflection of IR radiation at 

the boundary between two media. ATR-FTIR is excellently studied interfacial region in 

the presence of absorbing solvent, like water, for biological applications since 

magnitude of penetration depth of ATR crystal is on the order of one micrometer.54 

Additionally, ATR-FTIR has been used to study various nanoparticles, like quantum dots 

and metal nanoparticles.54 In general, a liquid or solid sample can be placed onto a 

crystal surface that has a unique refractive index relative to the sample due to various 

materials.55 The refractive index value depends on the type of sample on the crystal 

surface according to the penetration depth since IR beam around 300 nm directly 

probes onto the sample. A limitation of this technique is that the resolution can be 

highly relied on the background noise at higher wavelengths compared to the 

transmission mode. 

 

2.6 Size characterization of metal NCs 

Observation of NCs is a primary process to further study their physical and chemical 

properties. Core size (dc) of metal NCs can be measured and observed in the solid state 

by transmission electron microscopy (TEM) commonly. TEM technique involved that a 



Page 25 of 83 

 

 

 

beam of electrons is transmitted through an NCs-specimen to form an image formed 

from the interaction of the electrons with the sample. The specimen is dried on a 

carbon-coated copper grid from a small droplet of diluted and purified NCs solution. 

In addition, the resolution of TEM can reach 0.1 to 0.2 nm due to smaller de Broglie 

wavelength of electrons.56  

Analytical ultracentrifugation (AUC) is a technique to determine the hydrodynamic size 

(dh) and mass distributions of NPs and NCs directly in solution with ångström 

resolution.57 Small volume amount of NCs sample is centrifuged to force 

sedimentation of NCs resulting in a temporal concentration profile of the sample 

tracked over the radial position by optical systems. The radial displacement of the 

sedimentation front (S-front) is significantly important since its temporal change 

determined the sedimentation coefficient (S-value). To note, the S front can be 

broadened by strong diffusion of the particles or charge effects. Organic ligands can 

be also affected by charge or long-strained can be a counterforce to sedimentation 

leading to a reduction of the S-value. The reduction of the sedimentation rate of 

surface ligands can be minimized by using the effective grafting density with complex 

and plentiful assumptions instead of the bulk gold density. The assumptions require 

an approximation in calculating the effective grafting density, resulting in an 

underestimate of the particle size.57, 58  

Dynamic light scattering (DLS) is also a common technique to measure size of NPs. 

However, the intensity of the light scattered by the particles is proportional to d6, d 

means the diameter of particles, which means that large particles are preferably 

detected. This results in inaccurate measurement of atom-precisely clusters size.  

 

2.7 Photoluminescence of metal NCs 

Bulk metals and metal NPs have inefficient luminescence due to strong nonradiative 

relaxation from continuous band structure. Metal nanoclusters have distinct 
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photoluminescence properties from HOMO-LUMO transition in electronic structures 

as mentioned above. Luminescent metal nanoclusters have superior biocompatibility 

and photostability, compared with fluorescent materials of organic fluorophores and 

quantum dots (QDs), which attracted research interests in bio-applications, like 

sensing, bio labeling, bioimaging, drug delivery, and phototherapy.12, 59-61 Normally, 

water-soluble metal NCs have stronger fluorescence than organic soluble NCs, since 

size of NCs, surface ligands, and cluster structure have an impact on PL properties of 

NCs.62  

Photoluminescence can be divided into fluorescence and phosphorescence related to 

absorption of photons. Metal NCs absorbed a photon with a particular wavelength, 

then the energy of the photon is transferred to an electron when NCs get excited from 

singlet ground state (S0) to singlet exited state (S1 or S2) in Figure 4. Afterward, 

electrons back to ground state (S0) have multiple pathways. One of pathways to emit 

phonons is called fluorescence, radiative relaxation. Another way is that excited 

electrons colloid with another electron to transfer energy in non-radiative transition 

(eg. quenching) whereby energy loss is in form of heat, or transit energy in intersystem 

crossing to excited triplet state (T1), then emit phonons called phosphorescence with 

much longer lifetime. And thus, if the excited electron transitions into another lower 

vibrational level in excited state of the same spin (e.g., S2 to S1), the process is called 

internal conversion (IC) or vibrational relaxation.   

 
Figure 4: Jablonski diagram displaying of metal NCs shows difference of LMCT and meta-metal.63 
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And PL lifetime can be measured quantitatively as lifetime decays from Time-

correlated single photon counting (TCSPC) with different excitations and emissions. To 

analyze the decays data, a numerical reconvolution algorithm was applied as the 

following formula (eq. 2): 

I(t)=∫ fIRF
t

−∞
(t´)∑ Ai

n
i=1 exp(-

t−t´

τi
)dt´  (eq. 2) 

, where Ai means the amplitude of the ith decay at time zero and τi means lifetime 

component of the ith. The IRF (full width at half maximum: 109 ps) can be measured 

by using a diluted suspension of colloidal silica, fIRF means instrument response 

function.   

Now, there are two major explanations of PL mechanism, one is ‘‘kernel-origin’’ 

mechanism reported by Aiken et al. by DFT and time-dependent density functional 

theory (TD DFT) calculations.64 Huang et al. proposed that PL mechanism of four water 

soluble NCs with different cores is associated with interband (d-sp) transitions.65 

Whetton et al. reported PL mechanism involved in sp-sp intraband transitions of NIR-

PL NCs.66 The interband (d-sp) and intraband transitions mainly emerged in metal NCs 

with size reaching to fermi wavelength (smaller than 1 nm) based on pure quantum 

confinement.  

Another mechanism is charge transfer between ligands shell and metal core, ligand-

to-metal charge transfer (LMCT) or ligand-to-metal-metal charge transfer (LMMCT) 

leading to radiative relaxation, called emission, via metal centered triplet state. Both 

mechanisms can be affected by different ligands. And thus, LMMCT is mainly involved 

in metal-metal interaction. LMCT transition is favored for small clusters with 

absorbance smaller than 400 nm and without metal core states, and LMMCT is more 

favored for bigger NCs with additional metal-metal transitions from core-shell in Figure 

5.67 NCs with a core of metal atoms have a rapid lifetime (<1 ps) lifetime) from electron-

hole recombination in the core causing a visible wavelength of emission.68 NIR 

emission in the clusters is related to recombination of ground states and electron 
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decay from core states to surface states.68 These two mechanisms are also explained 

as ligand-dependent emission.  

 

Figure 5: Energy level scheme of metal NCs shows difference of LMCT and meta-metal transition.68  

 

Xie et al. proposed an explanation of metal NCs by using aggregation-induced emission 

(AIE) concept, which explains some NCs with solvent-dependent PL mechanism.69, 70  

2.7.1 Controlling PL property of metal NCs 

Compared with traditional PL materials, like organic fluorophores, QDs, carbon dots, 

and lanthanide NPs, have lower PL quantum yields.12, 59, 71 Considering this, tuning the 

enhancement of PLQY of metal NCs are in high demand based fundamental 

understanding of PL mechanism, a rapid and strong repeatable protocol is also highly 

acceptable for synthesis of metal NCs with atomically precise structures as well. These 

are emphasized in this thesis.  

Zhu et al. summarized different ways to tailor PL intensity and wavelength by adjusting 

the two constituents by multiple strategies, such as surface ligands engineering, 

controlling kernel, AIE, self-assembly of NCs to network structure and adjusting of 

environment factors in Figure 6.72 In this thesis, tailoring PL intensity and wavelength 

are mainly discussed by surface ligands engineering and core doping.    
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Figure 6: Schematic demonstration of PL intensity and emission wavelength control by (A) kernel-, (B) 

surface ligands-based change, (C) AIE and (D) self-assembly of NCs.72 

   

2.7.2 PL enhancement via surface engineering 

Metallic nanoclusters are mainly composed of metal kernel and peripheral ligands. The 

role of ligands is not very prominent in metallic structure, for example, similar ligands, 

like long-chain 2-phenylethanethiolate, glutathione and aliphatic thiolate are used to 

synthesize gold nanoclusters with the same kernel-shell configuration.73 More recent 

reports illustrate the effect of ligands on PL properties. 

Wu and Jin et al. proposed two different ways to enhance fluorescence of core-shell 

structured Au25 NCs by strategies.62 One is transfer charge from ligands to the metallic 

core via Au-S bond by LMCT or LMMCT process by increasing electron donation 

capability, which follows the intensity order of [Au25(SC2H4Ph)18]− > [Au25(SC12H25)18]− > 

[Au25(SC6H13)18]−. Another charge transfer process is improving electro-positivity of 

metal core with multiple charge states, Au25(C2H4Ph)18, probed by differential pulse 

voltammetry (DPV).62 The second way is directly donating electron-rich atoms (e.g., N, 
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O) or groups (e.g., -COOH, NH2) of ligands to the gold core whereby ligands include 11-

mercapto-1-undecanola and long chain peptide nucleic acid (PNA).62 

Moreover, controlling energy loss of non-radiative pass way improves PL intensities in 

a complementary way, increasing radiative energy release via emission. Zhu et al. 

investigated the enhancement of rigidity of ligands can restrict intramolecular rotation 

in nanoclusters and improve PL.74 Compared with NCs protected by less rigid ligand 

tert-butyl-mercaptan (TBM), the ligand 1-adamantanethiol produced Au2Cu6(S-

Adm)6(PPh3)2 NCs has higher PL QY.  

Theoretical understanding of PL characteristics of NCs is also important, 

Weerawardene and Aikens revealed that the Stokes shift value in Au25(SR)18 NCs was 

proportional to the length of the carbon chain and the excited states of 

Au25(SR)18 nanoclusters have resulted from the core-based orbitals, and not associated 

with charge-transfer states, other “semi-ring” or ligand-based states by TD-DFT 

calculations.64       

2.7.3 PL enhancement via core alloying 

Tuning enhancement of physical and chemical properties (like stability, catalytic, 

electrochemical and magnetic, etc.) of NCs, alloying strategy is also an important 

method due to the synergistic effect between metals of complexed electronic and 

geometric structures of NCs.75-77 Zhu et al. prepared alloy NCs with reserving NCs 

template by a metal-exchange method.78, 79 In addition, Wu et al. reported an anti-

galvanic reaction (ARG), which means the reduction of metal ions by less reactive (or 

more noble) metals, to control metal composition of NCs.80 Precisely controlling metal 

compositions of metal kernel can obtain detailed NCs with structure-based PL by metal 

exchange and ARG methods. The relationship between compositions or structures and 

PL properties enables the design of new NCs with improved PL intensity.              

Wu and coworkers researched PL intensities of M1Ag24(SR)18 nanoclusters with four 

different metal alloying in two different crystal and solution states adopting similar 
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core-shell structures.81 In the crystal state, PL intensity followed order of Au1Ag24 > 

Pt1Ag24 > Ag25 > Pd1Ag24, which reveals a core-directing charge transfer from ligand to 

metal. And in the solution state, solvent-dependent PL intensity sequences was 

Pt1Ag24 > Au1Ag24 > Pd1Ag24 > Ag25. In both cases, there is no change in emission 

wavelength.81     

Interestingly, Wu and co-workers prepared a new alloyed Ag2Au25(SR)18 nanocluster 

with blue-shifted PL emission by doping Au25(SR)18 with AgNO3.82 Alloyed NCs of 

Ag2Au25(SR)18 have stronger PL intensity than Au25(SR)18. To note, compared with 

metal-exchanged AgxAu25−x(SR)18 NCs78, silver ions only anchored onto the surface of 

Au25(SR)18 to form alloyed Ag2Au25(SR)18 NCs without changing in valance states.82 

Similarly, Lei et al. reported two gold atoms were incorporated to Au9 clusters causing 

redshift from Au9 of 500 nm emission to Au11 of 578 nm with transformation process.83    

Apart from these PL enhancements as mentioned above, there are some other 

problems that may occur in metal alloying methods. The first one is no effect on NCs 

with sodium borohydride or other salts addition. The second is a cation (Na+)-induced 

dimerization of NCs. The last one is metal exchange between alkali metal ions (i.e. Na, 

K, Rb, Cs) and noble metal atoms in NCs to make NCs drastically quenching.84    

2.7.4 Emission wavelength shift  

Besides the control of PL intensity as mentioned above, the emission wavelength can 

be more difficult to control. The most common emission color of NCs is red and blue 

or green emissions are very random. Ligand engineering can be used to control 

emission color by changing NCs size and/or configuration. Zheng et al. reported that 

emission wavelength decreased with increasing number of metallic atoms of the 

nanocluster.85 Kang et al. reported the emission of the Pt1Ag24(SR)18 nanocluster at 

672 nm red-shifted to 728 nm emission of Pt1Ag28(S-Adm)18(PPh3)4 nanocluster by 

ligand-exchange since the structure of NCs transformed from an icosahedron to a 

FCC.86 Kang et al. demonstrated that the emission wavelength of assembled 

Pt2Ag23 (675 nm) with bi-icosahedron structure blue-shifted to 613 nm for the de-
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assembled Pt1Ag12 nanocluster with mono-icosahedron structure, the color of the 

fluorescence changed from red to orange.87 Wu et al. displayed a 20 nm red shift in 

emission wavelength of Au44 NCs with a reversible structural transformation from FCC 

structure to non-FCC structure.88  

Except for ligand engineering method, PL wavelength can be slightly controlled by 

metal alloying. Bakr. group doped Ag25(SR)18 by a single Au heteroatom in the center 

of the icosahedral Ag13 kernel, wherein the emission wavelength of the homo-silver 

Ag25(SR)18 slightly blue-shifted from 825 nm to 805 nm of the bi-metallic 

Au1Ag24(SR)18 nanocluster and the PL intensity is accompanied by an increase as well.89 

This is mainly due to the modulation of the HOMO–LUMO gap in the Ag25(SR)18 after 

alloying. Wang et al. reversibly tuned the emission wavelength of Au6Ag2 NCs relied on 

geometry of NCs. The NCs with octahedral configuration emitted at 566 nm arranged 

to the trigonal prismatic structure emitted at 608 nm, changing color from yellow to 

red.90     

In conclusion, the PL intensity and emission wavelength of atomically precise NCs can 

be regulated by peripheral ligands engineering and kernel alloying or core size 

modification. These regulations of optical properties need to consider the intrinsic 

characteristics of metal NCs determined by various techniques.     
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3 Tailoring PL property of silver nanoclusters 

3.1 Introduction and motivation 

This work and all data related to this work have been published in J. Am. Chem. 

Soc. 2021, 143, 25, 9405–941491. The author of this thesis mainly contributed to all 

synthesis, controlled experiment parts and their most characterizations. 

Tuning PL quantum yield (QY) of metal NCs needs to consider PL mechanism of NCs 

and the role of metal cores or ligands etc. As one of the most studied NCs, fluorescent 

Ag29(S2R)12 NCs are a series of silver NCs.41, 92, 93 Monodisperse Ag29(DHLA)12 

nanoclusters with stronger red luminescence were investigated to be synthesized in 

water solution.94, 95 Other than that, Ag29(BDT)12(TPP)4 NCs with a similar structure of 

Ag29(DHLA)12 NCs were synthesized and X-ray single crystal structure of 

Ag29(BDT)12(TPP)4 NCs were presented by Bakr et al.41 The report of 13-fold PLQY 

enhancement of Ag29(BDT)12(TPP)4 NCs by Zhu et al. by adding triphenylphosphine 

(TPP) due to AIE strategy.96 Pradeep et al. demonstrated 30-fold enhancement by 

replacing the secondary ligand PPh3 with diphosphines of increased chain length and 

LMCT mechanism attributed to PLQY enhancement from DFT analysis.97   

In this published paper, we proposed a ligands exchange strategy with known-

structured Ag29(BDT)12(TPP)4 NCs.91 It is observed a 44-fold enhancement in PLQY of 

Ag29(BDT)12-x(DHLA)x NCs (x=1-6) after ligand-exchanging with dihydrolipoic acid. DFT 

calculation was used to determine the structure of single ligand exchanged 

Ag29(BDT)11(DHLA)3–, which was also confirmed by CCS analysis of IM-MS 

measurement. Moreover, gold-doped Ag29(DHLA)12 NCs also have a 4-fold increase in 

PL quantum yield and core plays an important role in Ag29-yAuy(BDT)12-xDHLAx NCs 

system. From experimental data, ligand mainly contributes to PL enhancement of 

Ag29(BDT)12-xDHLAx NCs. 
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3.2 Experimental section 

3.2.1 Synthesis of Ag29(BDT)12 NCs 

Ag29(BDT)12 NCs were synthesized based on a reported protocol with small 

modifications.41 10 mL of dicholormethane (DCM) and 13.5 μL of BDT were mixed in a 

20 mL glass vial. And thus, a solution of 20 mg silver nitrate AgNO3 in 5 mL methanol 

was added to the reacted mixture under vigorous stirring, whereby the color of the 

reaction mixture turned turbid yellow. A solution of 200 mg TPP dissolved in 2 mL DCM 

was added to the mixture solution and allowed to stir for 10 min, and the solution 

turned colorless. Shortly after that, 500 μL of 0.555 M freshly prepared NaBH4 aqueous 

solution was added under vigorous stirring and the solution turned dark brown 

immediately. After 10–12 h the solution turned orange, indicating the formation of 

Ag29(BDT)12 NCs. The prepared NCs were centrifuged at 9000 rpm for 2 min, and the 

precipitation collected was washed several times with ethanol. The purified NCs were 

dried under vacuum and then resuspended in DMF. 

3.2.2 Synthesis of Ag29(BDT)12-x(DHLA)x NCs 

The ligand exchanged clusters Ag29(BDT)12-x(DHLA)x were formed by directly 

introducing DHLA ligand into synthesized Ag29(BDT)12 nanoclusters. The ligand 

exchange of Ag29(BDT)12 NCs was carried out using different concentrations of lipoic 

acid solution with slight amount of NaBH4. In this experiment, different amounts of LA 

(0 mM, 8.1 mM, 16.2 mM, 32.3 mM, 48.5 mM and 96.9 mM; all referred to final 

concentrations) and 15 mg NaBH4 dissolved in 2 mL of water were stirred with 1 mL of 

Ag29(BDT)12(TPP)4 NCs in DMF solution overnight. The whole reactions were kept in 

the dark and at room temperature. 

3.2.3 Synthesis of Ag29(DHLA)12 NCs 

In this work, Ag29(DHLA)12 NCs were synthesized by a previous report with a slight 

modifications.94, 95 19 mg of (±)-α-lipoic acid and 7 mg sodium borohydride (NaBH4) were 
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added in 14 mL MilliQ water under 1500 rpm stirring until LA were dissolved completely. 

700 µL 25 mM AgNO3 were added to the DHLA solutions and then, solution color was 

changed to pale yellow. Next, freshly 10 mg NaBH4 dissolved in 2 mL water were added to 

the solution and color changed to brown. The solution was stirred under dark and room 

temperature for 4.5 h and NCs color was changed to orange. Afterwards, the NCs were 

stored at 4 °C in the dark. 

3.2.4 Synthesis of AuAg29(DHLA)12 

The post-synthesis of Au-doped Ag29(DHLA)12 NCs follows the literature with some 

modifications.98 In this work, 500 μL of Milli-Q water was added to 1 mL of prepared 

Ag29(DHLA)12 NCs in glass bottles, and 30 μL of 1, 5, 10, 15, 20, and 25 mM HAuCl4 was 

individually added into Ag NC solutions. The solutions were vigorously stirred in the 

dark at room temperature. After 30 min, 10 μL of 1 mg/mL DHLA and 1 mg of 

NaBH4 were directly added to each Ag NC solution, and the solutions were stirred for 

18 h. 

3.2.5 Computational details 

Amsterdam Density Functional (ADF) 2017.110 and 2018.105 packages were used to 

calculate all data. The generalized gradient approximation (GGA) BP86 exchange–

correlation functional and double-ζ basis set were used to calculate all geometry 

structure optimizations. All structures were optimized in the gas phase. The energy 

and gradient convergence criteria were shorten to 1 × 10–4 and 1 × 10–3 for accuracy. 

(This part was contributed by Shana Havenridge of Prof. Christine M. Aikens group). 

 

3.3 Results and discussion 

Figure 7.A presents the formation process of Ag29(BDT)12-x(DHLA)x NCs from original 

Ag29(BDT)12 NCs with DHLA ligand via ligand exchange method, wherein 

photoluminescence intensity of Ag29(BDT)12-x(DHLA)x NCs increase obviously from that 
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of pure Ag29(BDT)12 NCs. Negative mode HR-ESI MS spectra of Ag29(BDT)12-x(DHLA)x NCs 

show maximum of six ligands DHLA incorporated in Ag29(BDT)12-x(DHLA)x NCs, x=0-6, 

from mass to charge ratio seen in Figure 7.B. The mass of Ag29(BDT)12-x(DHLA)x NCs is 

higher than that of Ag29(BDT)12 NCs and thus, the difference of mass spectra group 

peaks is the same as the mass difference (m=66 Da, m/z=22) between DHLA and 1, 3-

benzendithiol (BDT) in three times negatively charged state. Figure 7.C shows IM-MS 

has been used to separate ligand exchanged NCs based on their drift times in nitrogen, 

which are 6.3, 6.9, 7.4, 7.7, 8.0, 8.3, and 8.6 ms for x = 0–6 species, respectively. The 

whole extent of ligand exchange is around 20% investigated from MS peaks intensity 

of Ag29(BDT)12-x(DHLA)x NCs with x = 0–6.     

 

Figure 7. (A) Schematic representation of Ag29(BDT)12-x(DHLA)x nanoclusters formation via ligand 

exchange process from Ag29(BDT)12 nanoclusters with DHLA ligand. (B) ESI MS spectra of Ag29(BDT)12-

x(DHLA)x nanoclusters synthesized show different species x=0, 1, 2, 3, 4, 5 and 6. Inset spectrum show 

expanded views of experimental molecular peaks (black trace) plotted with the corresponding 

calculated spectra (red trace). It displays insets of intensity oscillations are reproduced exactly as 

predicted. C) Ion sizes increase of of Ag29(BDT)12-x(DHLA)x
3- with drift time measured by IM/MS. 

   

UV-vis absorption spectra of Ag29(BDT)12-x(DHLA)x NCs show a blue-shift in the main 

absorption peak at 430 nm from 441 nm of Ag29(BDT)12 NCs and a new shoulder peak 

appears at 497 nm because of the new modulation of the electronic structure in Figure 

8.A. PL intensity of Ag29(BDT)12-x(DHLA)x NCs shows 40-fold enhancement from that of 
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Ag29(BDT)12 NCs and no apparent shift in maximum emission and excitation 

wavelength in Figure 8.B. PL spectra and 2D emission and excitation map show 

maximum enhancement in fluorescence intensity from that of Ag29(BDT)12 NCs and no 

apparent shift in maximum emission and excitation wavelength as in inset photograph 

in Figure 8.A and Figure 8.B. and C. Kinetic study of ligand exchange in Ag29(BDT)12-

x(DHLA)x NCs were carried out to probe steady increase of fluorescence intensity at 

660 nm emission wavelength and the gradual blue-shift in maximum absorption 

wavelength from 446 nm to 430 nm over time in Figure 8.D. And thus, fluorescence 

intensity sigmoidal plot almost reached the maximum at 200 mins and remained stable 

at 1440 mins (1 day). It is worth noting that photoluminescence quantum yield 

measurement (see in Table 1) shows 44-fold quantum yield enhancement observed 

from 0.28% of Ag29(BDT)12 NCs to 11.6% of Ag29(BDT)12-x(DHLA)x NCs with 16.2 mM 

when the excitation wavelength is 445 nm and coumarin 343 is used as a dye for both 

nanoclusters.  

 

Figure 8. (A) UV-vis spectrum of Ag29(BDT)12 NCs (black curve) and Ag29(BDT)12-x(DHLA)x NCs (red curve) 

with 10 mg DHLA. Inset photos are Ag29(BDT)12 NCs (left) and Ag29(BDT)12-x(DHLA)x NCs (right) under 

visible (left) and UV (right) light. (B) PL spectra of Ag29(BDT)12 NCs (black line) and Ag29(BDT)12-x(DHLA)x 

NCs (red line) show relative comparison in PL intensity. (C) 2D emission and excitation map of 

Ag29(BDT)12-x(DHLA)x NCs and the maximum emission and excitation wavelength values were 

displayed as labeled (425, 650 nm). (D) Plot of time-dependent fluorescence intensity at 660 nm 

(green dots) and maximum absorbance (blue dots) of Ag29(BDT)12-x(DHLA)x NCs, relative to the process 
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of their formation. (E) Time-resolved PL decay curves of Ag29(BDT)12 NCs (black line) and Ag29(BDT)12-

x(DHLA)x NCs (red line). (F) Column plot of lifetime component value τ3 of Ag29(BDT)12 NCs (black 

column) and Ag29(BDT)12-x(DHLA)12 NCs (red column).  

  
Gradient 

from NCs 

Gradient from 

dye 

Refractive 

index of 

NCs 

solvent 

Refractive 

index of 

dye 

solvent 

QY of 

dye  

(Φ, %) 

QY of 

NCs  

(Φ, %) 

Ag29(BDT)12 

NCs 
4.61846x10

7
 1.14172x10

10
 

(Coumarin 

343) 

1.427599 

(DMF) 

1.3633100 

(EtOH) 

63% 

(Coumari

n 343) 

0.28% 

Ag29(BDT)12-x 

(DHLA)x NCs 

 

2.09544x10
9
 1.14172x10

10
 

(Coumarin 

343) 

1.4045101 

(DMF+wat

er) 

1.3633100 

(EtOH) 

63% 

(Coumari

n 343) 

11.6% 

Table 1. Quantum yield measurement parameters and corresponding QY values of Ag29(BDT)12 and 

LE-Ag29 NCs, Ag29(DHLA)12 and AuAg29 NCs. 

 

To understand the PL mechanism of LE-NCs, PL lifetime measurement under room 

temperature indicates the increase of lifetime from Ag29(BDT)12 NCs to Ag29(BDT)12-

x(DHLA)x NCs with 16.2 mM DHLA in Figure 8.E. In addition, a tri-exponential decay 

fitted in PL lifetime of Ag29(BDT)12 NCs and Ag29(BDT)12-x(DHLA)x NCs in Table 2 shows 

shorter lifetime components τ1 and τ2 attributed to interband transition (d to sp band) 

in metal cores.72 And longer lifetime component τ3 normally was attributed to LMCT 

transition from Figure 8.F and Table 2.72 And Three components contribution reveals 

τ3 has 98% domination in Ag29(BDT)12-x(DHLA)x NCs, the longer lifetime value hints 

involvement of triplet states PL and a major contribution from phosphorescence in PL 

mechanism (LMCT). And three components´ contribution to total lifetime values 

reveals τ2 has 93% domination in Ag29(BDT)12 NCs, which provide only fluorescence 

involved. Therefore, ligands play an important role in PL mechanism and structure 

information is indeed.  
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  Ag29(BDT)12 Ag29(BDT)12-x(DHLA)x 

τ1 [ns] 1.46 57.00 

A1 0.63 2962.00 

I1 0.92 168834.00 

τ2 [ns] 57.00 331.217.00 

A2 0.36 1476.00 

I2 20.88 488556.00  

τ3 [ns] 829.45 4792.71 

A3 0.01 7011.00 

I3 0.58 33603000.00 

τAV [ns] 22.39 2969.16 

IT 22.39 34261000.00 

I1/IT 0.04 0.01 

I2/IT 0.93 0.01 

I3/IT 0.02 0.98 

Table 2. Lifetime values of Ag
29

(BDT)
12

, and Ag29(BDT)12-x(DHLA)x with 8.1 mM DHLA at at λEx=445 nm 

and λEm= 655 nm. 

 

The molecular structure of Ag29(BDT)12-x(DHLA)x can be obtained from the known 

structure Ag29(BDT)12 from Bakr and coworkers41 by cooperative group Prof. Christine 

M. Aikens´ group. Figure 9 displays Ag29(BDT)11DHLA3– NC from ground state (S0) 

geometry optimization showing the most stable isomer labeled (a), which has an 

icosahedral metal core (labeled d) with 13 atoms and a Ag16S24 shell containing four 

Ag3S6 crowns with four Ag1S3 motifs (labeled c). Moreover, a likely core-shell structure 

of Ag29(DHLA)12 NCs were displayed in Figure 9.e. Ligand DHLA added to Ag13 

icosahedral core elongated Ag-Ag shell bonds, which especially appeared in outer shell 

of icosahedron as in Figure 9.c. The elongation of Ag-Ag core between Ag29(BDT)12 and 

Ag29(DHLA)12 is around 0.004 Å and that of Ag-Ag shell is around 0.054 Å optimized by 

average bond length as in Table 3. And thus, the Ag–S bonds no matter terminal or 

motif positions in Figure 9.c were shortened around 0.004 Å between Ag29(BDT)12 and 

Ag29(DHLA)12 NCs. From Table 3, the distance between thiol sites was investigated 

larger after the addition of DHLA, especially appeared between dithiol in a DHLA and 

the neighbored thiol ligands has not that much big trend. Therefore, the ligand 

exchanged Ag29 NCs conformational change does emerge in conjunction with the 

addition of more DHLA thiol groups.  
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Figure 9. Molecular structures of Ag29(BDT)11DHLA3– with the most stable isomer (a) and 

Ag29(DHLA)12
3– isomer (e) at the ground state (S0) optimization. (a) The structure of NC with one BDT 

ligand replaced by one DHLA ligand. (b) The structure containing an icosahedral core with an 

Ag16S24 shell. (c) Ag16S24 shell with four Ag1S3 motifs terminated with four Ag3S6 crowns. (d) The 13-

atom icosahedral core. (e) The structure of Ag29(DHLA)12 NC. Each BDT group has now been replaced 

by the corresponding DHLA group. (This part was contributed by Shana Havenridge of Prof. Christine 

M. Aikens group).  

 

[Å] Ag-Ag 

Core 

Ag-Ag 

Shell 

Ag Shell-S 

Crown 

S-Ag Shell-

S Motif 

S thiol–

S thiol 

S group–

S group 

Ag29(BDT)12 2.959 2.984 2.564 2.619 5.680 4.389 

Ag29(BDT)11DHLA 2.959 2.992 2.563 2.621 5.684 4.391 

Ag29(BDT)10(DHLA)2 2.960 2.994 2.563 2.621 5.689 4.388 

Ag29(BDT)9(DHLA)3 2.961 2.990 2.563 2.619 5.697 4.374 

Ag29(BDT)8(DHLA)4 2.961 2.994 2.563 2.618 5.699 4.388 

Ag29(DHLA)12 2.963 3.038 2.560 2.615 5.736 4.480 

Table 3. The average bond lengths calculated at the BP86/DZ level of the theory of the ground state 

structure with addition of DHLA. (This part was contributed by Shana Havenridge of Prof. Christine M. 

Aikens group). 

 

As above Figure 8.A mentioned, there is an obvious blue shift in absorption spectra 

after ligand exchange. In Figure 10, both predicated absorption spectra calculated and 

experimental spectra of Ag29(BDT)12–x(DHLA)x
3– can be converted from 

[absorbance/(energy)2] as mentioned in the Introduction part. The spectra show that 

the higher energy peak is at 2.80 eV in calculation and 2.76 eV in experiment, when x = 

0, and the lower energy peak appears at 2.52 eV corresponding to shoulder at 2.43 eV 

in experiment. The two peaks both show a blue-shift with DHLA added. When x = 12, 

the higher energy peak blue-shifted to 3.02 eV, and the lower energy peak shifted to 

2.68 eV, which agrees with the experimental spectra of the red dot line. The change in 
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absorption spectra also suggests no big change in structural conformation and changes 

in electronic structure.   

 
Figure 10. Calculated absorption spectra for Ag29(BDT)12–x(DHLA)x3– (x = 0–4, 12) and experimental 

spectra of Ag29(BDT)12 (black dotted line) and Ag29(DHLA)12 NCs (red dotted line). (This part was 

contributed by Shana Havenridge of Prof. Christine M. Aikens group). 

   

To further reveal PL origin, similar formulas Ag29(DHLA)12 NCs were doped with Au via 

a post-synthesis modification method. UV-vis absorption and fluorescence spectra of 

gold (Au)-doped Ag29(DHLA)12 NCs is illustrated in Figure 11. The 1.09% doping (the 

percentage of Au) referred to the final concentration of the gold solution measured by 

inductively coupled plasma mass spectrometry (ICP-MS)). Figure 11 shows blue-shift 

in UV-vis absorption spectra from 426 and 497 nm of Ag29(DHLA)12 NCs to 407 and 483 

nm of Ag29(BDT)12-x(DHLA)x NCs with 1.09% Au doping and emission spectra present a 

slight blue-shift from 660 nm to 650 nm and an obvious enhancement in Figure 11.B, 

where the trend agrees with the report from Linden et al.98 of the same cluster Au-

doped Ag29(DHLA)12. The obvious enhancement in PL intensity was observed in the 

1.09% and 6.42% Au-doping, and PL intensity decreased after the concentration of 

1.09% gold.  
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Figure 11. (A) UV-vis absorption and (B) PL spectra of AuyAg29-y(DHLA)12 NCs with 0%, 1.09%, 6.42%, 

14.4%, 19.5%, 26.3% and 35.2% Au doping. The inset shows the corresponding photographs of the NC 

solutions (water) under visible light (up) and UV light (bottom), and the colors of dot presented 

corresponds to colors of the spectra. 

  
Gradient 

from NCs 

 

Gradient 

from dye 

 

Refractive 

index of 

NC solvent  

Refractive 

index of dye 

solvent  

QY of dye  

(Φ, %) 

QY of 

NCs  

(Φ, %) 

Ag29(DHLA)12 

NCs 

3.13804x108 2.16257x109 

(Nile blue) 

1.333102 

(water) 

1.3633100 

(EtOH) 

27% 

(Nile blue) 

3.8% 

AuyAg29-y 

(DHLA)12 NCs 

1.30358x109 2.16257x109 

(Nile blue) 

1.333102 

(water) 

1.3633100 

(EtOH) 

27% 

(Nile blue) 

15.6% 

Table 4. Quantum yield measurement parameters and corresponding QY values of Ag29(DHLA)12 and 

AuAg29 NCs. 

 

  Ag29(DHLA)12 AuyAg29-y(DHLA)12 

τ1 [ns] 49.23 46.47 

A1 905.42 494.00 

I1 44573.49  22959.00 

τ2 [ns] 263.42 2139.19 

A2 531.31 1833.00 

I2 139955.00 3921131.00 

τ3 [ns] 3840.54 324.987.00 

A3 1938.09 282.00 

I3 7446329.84 91646.00 

τAV [ns] 3752.74 1546.79 

IT 7630858.33 4035736.00 

I1/IT 0.01 0.01 

I2/IT 0.02 0.02 

I3/IT 0.97 0.97 

Table 5. Lifetime values of Ag29(DHLA)12, AuyAg29-y(DHLA)12 NC with 1.09% Au at λEx=490 nm and λEm= 

655 nm. 
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From Table 4 and 5 results, single Au atom doping in the metal core can also result in 

a 4-fold enhancement in PLQY of Ag29(DHLA)12 NCs and average lifetime show a 

decrease from 3.7 µs to 1.5 µs, so the role of the metal core in the PL mechanism of 

Ag29 NCs needs to be investigated. The lifetime data for Ag29(DHLA)12 and Au-doped 

NC show the highest contribution comes from τ3 and the longer lifetime in the range 

of μs proves triplet states involved PL via intersystem crossing similar to ligand 

exchanged NCs, which supports the involvement of triplet state in their PL mechanism. 

The transitions of core might be the origin of PL of Ag29. However, Ag29(BDT)12-x(DHLA) 

x has a larger enhancement in PLQY than AuAg29(DHLA)12 NCs, such that the 

mechanism of PL cannot only contribute to kernel core.    

 

As the Introduction part mentioned, PL enhancement by surface engineering normally 

can increase radiative pathway, decreasing nonradiative transition or AIE mechanism. 

In our case, the pH-dependent experiment was carried out to determine whether AIE 

is suitable for both Ag29(BDT)12-x(DHLA)x NCs and Ag29(DHLA)12 NCs. For such carboxyl 

ligand protected NCs, AIE mechanism is expected that lower the pH resulting in 

enhancement of the PL intensity.69, 103, 104 In this experiment, 50 µL Ag29(DHLA)12 NCs 

and Ag29(BDT)12-x(DHLA)x NCs were dissolved in 1 mL of pH solutions prepared by acetic 

acid and NaOH in MilliQ water. UV-vis absorption spectra display increased baseline at 

lower pH, which confirmed the aggregation of NCs in Figure 12. This together with PL 

data happens due to the protonation of carboxyl groups at lower pH, thus making the 

NCs insoluble and decreasing in PL. The aggregation is less in Ag29(BDT)12-x(DHLA)x NCs 

due to the presence of DMF. The data show that AIE cannot explain PL mechanism of 

Ag29(BDT)12-x(DHLA)x NCs.  
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Figure 12. pH-dependent absorption and PL spectra of Ag29(BDT)12-x(DHLA)x (A, B) and Ag29(DHLA)12 

NCs (C, D), respectively. Inset photographs are the NC solutions under UV light (above) and daylight 

(bottom) and the dot colors correspond to color of absorption and emission spectra with different pH 

values of NC solutions. 

  

In order to further confirm the reason for PL enhancement, we summarized qualitative 

values of radiative and nonradiative decay rates based on the quantum yield of NCs in 

Table 2 as followed equations105:  

Φ = τAV × KR   (eq. 3),   Φ = 
KR

KR+KNR
    (eq. 4), 

where KR is the radiative decay rate, KNR is the nonradiative decay rate and Φ is 

quantum yield value. 

All these data were summarized in Table 6, we found the ligand exchange leads to an 

around 100-fold decrease in nonradiative relaxation from the KNR value, which is a 

considerable decrease compared with the KR value. This obvious decrease can 

contribute to ligands interaction between BDT and DHLA of intra NCs or dimerization 

between DHLA ligands in intra-NC interaction. And an obvious 10-fold increase in 

radiative relaxation of Ag28Au(DHLA)12 also proves the incorporation of gold can 
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facilitate the LMCT process and enhance PL intensity and QY.  

NCs Φ [%] τAV [ns] KR [s-1] KNR [s-1] 

Ag29(BDT)12 0.28 22.39 1.25x105 4.45x107 

Ag29(BDT)12-x (DHLA)x  11.6 2969.16 3.9x104 3.0x105 

Ag29(DHLA)12 3.8 2914.81 1.3x104 3.3x105 

Ag29-yAuy(DHLA)12 15.6 1546.79 1.0x105 5.4x105 

Table 6. The calculated quantum yield Φ, measured average lifetime (τAV), and the corresponding 

calculated KR and KNR values of Ag29(BDT)12, Ag29(BDT)12-x(DHLA)x NCs with 8.1 mM DHLA with 

excitation of 445 nm and emission of 655 nm and Ag29(DHLA)12, AuyAg29-y(DHLA)12 NCs with 1.09% Au 

under excitation wavelength of 490 and emission wavelength of 655 nm. 

 

Furthermore, we used IM/MS to determine the formation of dimers in the solution 

and obtained the MS data representing dimers of Ag29(BDT)11DHLA NCs in Figure 13. 

And energy gap of dimer was investigated to decrease compared with single 

Ag29(BDT)11DHLA NCs of 1.42 eV. The existence of the dimers normally results in a 

limitation of molecular flexibility causing a decrease in nonradiative transition and 

increasing PLQY in return.   

 

Figure 13. Dimers (labeled as dimer 4-) were confirmed by dynamic IM/MS in 8 to 16 ms range and 

the isotopologue distribution for the 4- dimer of Ag29(BDT)11DHLA NC with a few solvent molecules. 

Above structures scheme show a calculated HOMO-LUMO gap of optimized dimer structure by DFT 

ananlysis. 
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Apart from this explanation, lifetime data show LMCT mechanism of ligand exchanged 

Ag29(BDT)11DHLA NC in Table 2 and Ag29(DHLA)12 and Au-doped NC in Table 6 as 

mentioned and proposed triplet state involvement in PL from longer lifetime value. 

There is a fact that O2 can quench the triplets in PL of Ag NCs.106 And an Argon gas-

purging experiment has been done to remove dissolved oxygen in solution in Figure 

14. The huge increase in PL intensity of Ag29(BDT)11DHLA NC and AuAg29(DHLA)12 NCs 

and a slight increase also confirmed the triplet state involved in the three NCs as well. 

And the intensity remains no change further confirming only fluorescence in 

Ag29(BDT)12 NCs as mentioned. 

 
Figure 14. The PL spectra (excited at 425 nm) of (A) Ag29(BDT)12 NCs, (B) Ag29(BDT/DHLA)12 NCs, (C) 

Ag29(DHLA)12 NCs and (D) AuAg29(DHLA)12 NCs before and after Argon gas purging. This experiment 

was repeated three times after 5 minutes exposure to air.  

 

The ligands structure plays an important role in donating charge transfer process.62 In 

our case, new ligand DHLA has more donating electrons compared with the parent 

BDT ligand, which promotes the charge transfer via Ag-S bonds to metal core. In 

addition, carboxyl group can interact with silver surface via intra-NCs or inter-NCs, and 

the interaction results in donation of delocalized electron density facilitating the 

charge transfer process.   
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4 Surface engineering of gold NCs  

4.1 Introduction and motivation 

This work and part of the data in this work has been published in ACS Appl. Nano 

Mater. 2021, 4, 3, 3197–3203107 and Figure 19, 23 and 24 appeared in the thesis of Lin 

Zhu titled ´´Nanoparticles and Nanoclusters: Novel Performance in Life Science``. The 

author of this thesis mainly contributed to synthesis and part of their characterizations. 

Enhancement of PL can be controlled by surface engineering, core size and doping with 

other metal atoms.72, 91 And aggregation induced emission also can increase PL QY of 

NCs.108 In addition, Au NCs were found that have higher fluorescence in protein 

templates, like bovine serum albumin and lysozyme than thiolate Au NCs.109, 110 

However, PL origin is still mysterious, especially metallic kernel core or organic ligands 

contribute to PL whereby these two parts make up NCs. NCs with known structure was 

investigated the origin of PL, like Chapter 3 or the work of Li et al.111 However, it is also 

necessary to know the origin of PL of unknown structure NCs, even if understanding 

PL mechanism of these NCs is complex, especially those brightly luminescent NCs in 

water, like Au@MUA, Au@BSA, Au@DHLA, etc.109, 112, 113 (MUA: 11-

mercaptoundecanoic acid, BSA; bovine serum albumin, LA: dihydrolipoic acid) draw 

researchers´ interest in their applications.   

In this work, we mainly studied which parameters of ligands can influence PL 

properties by surface engineering. The ligand shell of Au@MUA NCs or other alkane-

based ligands covalently bound (not including chemisorbed and physisorbed) can be 

conceptually identified to three parts: First part is the head group, thiol, covalently 

bound to the surface of metal NCs, the second one is the alkane chain in the middle 

part of ligand shell, and the third one is the polar terminal group providing water-

solubility. Different experiments were carried out to investigate what factors on 

ligands can affect PL according to the three parts. For the alkane chain, length of the 

hydrocarbon chain was interesting to understand the impact on PL of NCs, so ligand 
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exchange reactions were carried out by replacing 11 carbon chains with a variable 

number of the hydrocarbon chain. In addition, electronegativity also affects NCs` PL, 

especially LMCT mechanism. PL property can be studied by changing the surface 

charge of MUA via conjugation chemistry.  

 

4.2 Experimental part 

4.2.1 Synthesis of Au@MUA NCs 

Au@MUA NCs were synthesized from the reported protocol by Huang et al with some 

modifications.112  

Synthesis of Au NPs: Au NPs were synthesized by reducing HAuCl4·3H2O with 

tetrakis(hydroxymethyl)phosphonium chloride (THPC) in an alkaline solution. 0.5 mL 1 

M NaOH was added to 45 mL MQ water. And then, 12 µL 80% THPC solution was added 

to 1 mL MQ water. 1 mL diluted THPC solution was added to the mixture and stirred 

for 5 min. After that, 1.5 mL 1 wt.% HAuCl4·3H2O were rapidly added to the solution. 

The color of the solution turned brown within 1 min to confirm the formation of Au 

NPs. And the solution was stirred for 15 min. The Au NPs were stored at 4 °C overnight.  

Synthesis of Au@MUA NCs: 1 mL 50 mM buffer solution, trisodium tetraborate (pH 

9.2) was added to 5 mL as-prepared Au NPs. And an appropriate volume of the MUA 

stock solution was the mixture and its final concentration was 5 mM. The mixture was 

then diluted to 10 mL by MQ water and left to react for 72 h in the dark at room 

temperature. The as-prepared NCs were further purified by a 3K Da centrifugal filter 

and resuspended in 0.1 M, pH=9 sodium borate buffer. 

4.2.2 Ligand exchange of Au@MUA NCs 

The ligands with different carbon chains used were thioglycolic acid, 3-

mercaptopropionic acid, 6-mercaptohexanoic acid, and 8-Mercaptooctanoic acid. 1.25 

mL of Au @MUA NCs were mixed with 0.25 mL of 60 mM ligand stock solution. The 
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mixture was then stirred for 2 h. 

4.2.3 Ligand conjugation of Au@MUA NCs 

EDC coupling chemistry was used to conjugate terminal groups of Au NCs with 

ethylenediamine (EDA) and 3-(aminopropyl)triphenylphosphonium bromide (3-ATPB). 

1 mL of freshly prepared Au NCs were mixed with 10 μL, 100 mg/mL of EDA or 3-ATPB, 

1 mg of EDC, and 1.5 mg of N-hydroxysuccinimide for reacting overnight. 

4.2.4 External redox reaction of Au@MUA NCs 

1 mL of Au@MUA NCs was reacted with 10 µL 30% H2O2 H2O2 and 0.7 mg NaBH4 for 2 

hours stirring.  

 

4.3 Results and discussion 

Au@MUA NCs were synthesized by etching method from bigger size NPs followed by 

a report from Huang et al.112 Figure 15 shows the UV-vis absorption and emission 

spectra of Au@MUA NCs. The emission spectra show a peak at 510 nm when it is 

excited at an absorbance peak of 375 nm. And Au NCs show bright green PL under UV 

light. Figure 16 shows the core diameter of 1.95 nm matching with the report of Huang 

et al.112  

 
Fig.15: UV-Vis absorption and emission spectra of Au@MUA NCs. Inset photographs show NC 

solutions under daylight (left) and UV light (right).  
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Fig.16: (A) TEM image of Au@MUA NCs. (B) Size distribution diagram of core diameter dC of Au@MUA 

NCs. 

 

Effect of carbon chain length of ligands 

Huang et al. reported that Au NCs protected by ligands with different carbon chain 

lengths show a blue-shift of PL emission peak with carbon chain increases due to 

different core sizes by the etching synthesis method.112 In our case, only ligands were 

investigated to play role in PL of gold NCs, such that NCs` core was kept intact and the 

same size is needed. We used different carbon chain lengths of ligands to ligand 

exchange original ligands 11-MUA. The whole reaction process were shown in Figure. 

17, original Au@MUA NCs were ligand-exchanged by a series of (HS–(CH2–C)N–OOH) 

ligands (N = 2, 3, 6, 8). After ligand exchange, UV-vis absorption and PL spectra of 

Au@MUA NCs and ligand exchanged Au NCs show no significant change in absorption 

and PL wavelength, only PL intensity increases with carbon chain length increase in 

Figure 18. The strongest PL intensity noticed is N=8, while the lowest one is N=3.   

 

Figure 17. (A) Schematic illustration of ligand exchange of Au@MUA NCs with a series of (HS–(CH2-

C)N–OOH) ligands with N = 2, 3, 6, 8.  
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Figure 18. (A) UV-Vis absorption and (B) fluorescence spectra (with λex =375 nm) of different ligand 

exchanged Au NCs. N denotes the number of carbon atoms per ligand molecule. 

 

Aggregation of NCs also needs to be further confirmed, since significant change in UV-

vis absorption and emission wavelength in some NCs of AIE.69, 74, 96 The hydrodynamic 

size measured by analytical ultracentrifugation (AUC) shows a small change around 1 

nm after ligand exchange in Figure 19.A. Hydrodynamic size data measured by dynamic 

light scattering (DLS) show a big range around 50 nm in size upon ligand exchange, 

especially a bigger increase in size of N=8, mightily due to dimers or trimers existed in 

the solvent from carboxylate group at base condition.91 From TEM data of ligand 

exchanged NCs with N=8, the core diameter was surprisingly decreased to 1.2 nm in 

Figure 19.D. The change of size from more reliable measurements of TEM and AUC 

makes the correlation of ligands length and PL complexed. The extent of ligand change 

cannot be determined since MS data were failed to obtain. However, only change of 

PL intensity was investigated and the shift in wavelength of PL spectra has not 

appeared in our case as report of Huang et al. This reveals the metal core might not 

influence PL mechanism directly involving ligand exchange with different carbon chain 

lengths of ligands.    
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Figure 19. (A) Hydrodynamic diameter of the ligand-exchanged Au NCs in terms of mass distribution 

by analytical ultracentrifugation AUC. (B) Number weighted size distribution of hydrodynamic 

diameters of the ligand-exchanged Au NCs with dynamic light scattering (DLS). (C) Sedimentation 

coefficient (S) distribution of three Au NCs (N=2, 3 and 11) by AUC. (D) The size distribution of core 

diameter of Au@MUA NCs ligand-exchanged with ligand of carbon N=8. 

 

In order to unravel the impact of carbon chain length N on PL, the lifetime data fitted 

using exponential functions in Introduction part were collected and compared for 

Au@MUA NCs and NCs after ligand-exchange in Table 8. For lifetime data of Au@MUA 

NCs, three components are relatively shorter (τ1=0.088, τ2=1.10, and τ3=6.32 ns) and 

the forth one is longer (τ4 = 40.3 ns). For ligand-protected metal NCs, the short lifetime 

components (τ1–τ3) come from the interband transition (d → sp) in gold cores, whereas 

the longer lifetime component ( τ4 in this case) reveals involvement of LMCT or LMMCT 

transition.114, 115 After ligand exchange, the lifetime results show that the first three 

components (τ1, τ2, and τ3) are also shorter, but a relatively longer component τ4 was 

observed in Table 7 and Figure 20, which corresponds to LMCT or LMMCT similar to 

Au@MUA NCs.  
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N 𝛕1 [ns] 𝛕2 [ns] 𝛕3 [ns] 𝛕4 
116 𝛕 av 116 λem 116 

2 0.103 1.88 13.0 117 106 515 

4 0.075 1.71 11.5 92.3 78.5 520 

6 0.060 1.75 11.4 88.2 74.3 520 

8 0.092 1.79 12.5 103 89.7 520 

11 0.088 1.10 6.32 40.3 20.0 520 

Table 7. Fluorescence lifetime data of Au@MUA NCs and ligand-exchanged with different carbon 

chain length N. 

 

The average lifetime in Table 8 shows a decrease upon increasing the chain length, 

except N = 8. The QY data also show a decrease with increasing N from 4.7% (N = 2) to 

0.44% (N = 11). Furthermore, the qualitative nonradiative and radiative transition can 

be obtained from eq. 3 and eq. 4 in Chapter 3. The nonradiative transition values 

increase and radiative values decrease with carbon chain length N increases in Table 

8, which reveals that long carbon chain length reduced flexibility of the ligands and, 

therefore, in turn, enhances the PLQY. This also proves that ligands play a significant 

role in the PL of these Au@MUA NCs. The tunable changes in PL intensity were noticed 

in Figure 18 and 20. The highest intensity was for a chain length of N = 8, while the 

weakest was from N = 3.  

 

Figure 20. (A) Summarized spectra of the maximum emission wavelength λem, max (black), maximum 

emission intensity I (red) at λem, max, and the longer lifetime component, τ4 (blue) of the Au@MUA NCs 

and NCs with ligand exchanged with the carbon chain length N of the ligands. 
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N QY (%) τAV KR (s-1) KNR (s-1) 

2 4.71 106 ns 2.9105 8.9106 

3 1.80 78.5 ns 1.9105  1.3107 

6 1.38 74.3 ns 1.5105 1.3107 

8 1.43 89.7 ns 1.3105 1.1107 

11 0.44 20 ns 2.3105  4.98107 

Table 8: Radiative and nonradiative rate constants for Au@MUA NCs and NCs ligand-echanged with 

different carbon chain length (N). 

 

Effect of surface charge of ligands 

The charged terminal groups of ligands influenced water solubility of NCs which affects 

PL of water-soluble NCs, like AIE or aggregation-caused quenching (ACQ). This is very 

common happened in fluorophores.117-120 In this case, ligand conjugation experiments 

were performed to investigate the role of surface charge on the PL of Au@MUA NCs. 

As the method part mentioned, 1-Ethyl-3-(3-dimethyl aminopropyl)carbodiimide (EDC) 

coupling chemistry method was utilized to conjugate the amine group of 

ethylenediamine (EDA) and 3-(aminopropyl)triphenylphosphonium bromide (3-ATPB) 

to the terminal carboxyl group of Au@MUA NCs in Figure 21.     

 
Fig.21: Schematics of conjugation process between ligands of MUA on the surface of Au NCs and (i) 

EDA and (ii) 3-ATPB.  
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Figure 22 shows drastic decrease in PL after conjugation, where emission wavelength, 

λem, demonstrates their change blue-shift for both conjugated NC cases. And inset 

photographs displayed NCs under UV-light also show a significant decrease in PL, 

especially Au@MUA-3-ATPB almost has no fluorescence. The absorption spectra show 

a similar peak between Au@MUA NCs and Au@MUA-EDA in Figure 23.A. And the 

more noticeable change from Au@MUA-3-ATPB has a 2 nm redshift in 398 nm of the 

absorption peak, which might correspond to some aggregation confirmed from zeta 

potential in Figure 23.B. The both conjugation with EDA and 3-ATPB resulted in a 

reduction of the negative zeta potential value confirmed successful conjugation. 

Blocking the surface charge of carboxylate by an amine functionality decreases the 

surface charge considerably and also affects the solubility of the NCs since the 

carboxylate groups contribute to the water solubility of NCs. However, the conjugation 

yield is hard to confirm, and the zeta potential value of these NCs cannot compare EDA 

and 3-ATPB in conjugation efficiency. DLS data in Figure 23.C also proves the 

aggregation, which has size distribution in a bigger size range after conjugation. And 

lower PL intensity induced by 3-ATPB also matches with the bigger size distribution of 

3-ATPB from DLS. Such that the PL of Au@MUA NCs can be quenched from aggregation.  

 

Fig.22: 2D excitation and emission maps of (A) Au@MUA, (B) Au@MUA-EDA, and (C) Au@MUA-3-

ATPB.  
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Fig.23: (A) UV-vis absorption spectra, (B) zeta potential and (C) DLS of Au@MUA NCs (red line), 

Au@MUA-EDA (black line) and Au@MUA-ATPB (blue line). 

 

Effect of the oxidation state of Au surface 

As Introduction part mentioned, the oxidation state of metal core can affect PL of 

LMCT or LMMCT mechanism. In this case, the oxidation of metal surface was 

attempted to carry out. However, oxidizer peroxide H2O2 was found only can be used 

to oxidize ligands MUA instead of gold surface. And reducing agent sodium 

borohydride NaBH4 was found to make the Au@MUA NCs transformed into plasmonic 

Au NPs, which can be seen in Figure 24.A. Absorption spectra still has a feature around 

370 nm after H2O2, and new hump appeared at 500 nm and basically no fluorescence 

from Figure 24.A can be confirmed the formation of SPR NPs. And thus, Figure 25 

shows a significant increase in size after recovery of NaBH4, which has around 2.5 nm 

from TEM image. For H2O2, the absorption peak has a rise in baseline and DLS data, 

which also indicates the agglomeration, but still keeps feature of Au@MUA NCs in the 

UV-vis absorption spectra.  
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Fig.24: (A) UV-vis spectra of Au@MUA NCs, Au@MUA NCs with addition of 0.7 mg NaBH4 and 

Au@MUA NCs with addition of 10 µL 30% H2O2. And 2D excitation and emission spectra of (B) 

Au@MUA NCs, (C) Au@MUA NCs with addition of 0.7 mg NaBH4 and (D) Au@MUA NCs with addition 

of 10 µL 30% H2O2. 

 

 

Figure 25. (A) Number weighted size distribution N(dh) of hydrodynamic diameters of the Au@MUA 

NCs (red line), Au@MUA NCs after H2O2 addition (black line) and Au@MUA NCs after the fluorescence 

recovery using NaBH4 (blue line) as measured with DLS. (B) TEM of Au@MUA NCs after addition of 

NaBH4, right spectra shows size distribution of 2.5 nm. 

 

In order to further determine whether H2O2 oxidizes Au@MUA NCs successfully, X-ray 

photoelectron spectroscopy (XPS) spectrum of Au@MUA NCs and NCs with the 

addition of H2O2 were measured in Figure 26 and display no change in the oxidation 

state of Au@MUA NCs after H2O2 addition from the Au 4f, C 1s, O 1s, and S 2p. Such 
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that, MUA ligands bound to Au NCs surface through Au-S are oxidized to form RS-SR 

disulfides, resulting in aggregation of the Au@MUA NCs.121 In this case, peroxide only 

can be used to oxidize ligands, not gold surface. 

 

Figure 26. The XPS spectra of Au@MUA NCs (black line) and after oxidation (red line): (A) Au 4f, (B) 

C 1s spectra, (C) O 1s spectra, and (D) S 2p spectra. 
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5 Tailoring PL wavelength of gold nanoclusters 

5.1 Introduction and motivation 

This work is under preparation of manuscript. The author of the thesis contributed to 

all synthesis of samples and most characterizations and all controlled experiments. 

Metal NCs are composed of two main parts, metallic kernel and surface ligands as 

mentioned. The role of ligands in PL of NCs, based on influence of both electronic and 

geometric structures, were reported more recently.122, 123 Ligand exchange is a special 

and simple method for tuning the PL intensity and wavelength, wherein foreign ligands 

of a nanocluster can partially or completely replace parent ligands with the 

compositions of metal atoms in the nanocluster framework unchanged. However, such 

ligand-exchange process also alters nanocluster structure by fundamentally changing 

the size and configuration of a NC so that optical properties, PL, can be regulated. 

Compared with controlling the intensity of PL in the Chapter 3 and 4, the regulation of 

emission wavelength is harder. PL wavelength normally can be tailored by changing 

the size and/or configuration of NCs.   

In this work, a simple ligand exchange of Au NCs was performed to form NCs with red-

shift of PL wavelength. The Au nanoclusters protected with ATT (6-aza-2-thiotymine) 

ligands were synthesized by one-pot method. And then Au@ATT NCs were fully 

exchanged by extra ligands 11-mercaptoundecanethiol (11-MUA) to form the new NCs 

with transformed electronic structure so that the color of fluorescence were shifted 

from green to red. Moreover, new Au@MUA NCs with red fluorescence was 

investigated to have stable PL properties and net-work structure connected by 

hydrogen bond in water solution, which is completely different from PL properties of 

parent Au@ATT NCs. Experimental results ascribe that the PL mechanism of Au@MUA 

NCs is potentially related to LMMCT.   
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5.2 Experimental part 

5.2.1 Synthesis of Au@ATT NCs 

The synthesis of Au@ATT was employed a facile one-pot method from a reported 

protocol124 with slight modifications. 80 mM ATT dissolved in 5mL, 0.2 M NaOH was 

added to 5 mL, 10 mg/mL HAuCl4 solution, and the mixed solution was continuously 

stirred in the dark at room temperature for 18 h. The as-synthesized Au@ATT NCs were 

purified by ultrafiltration (Millipore, 3 kDa). The resulting Au@ATT NCs were stored at 

4 °C in the dark prior to use. 

5.2.2 Ligand exchange of Au@ATT NCs 

The ligand exchange of Au@ATT was carried out using extra ligands 11-MUA. 1.25 mL, 

200 mg/mL of Au @ATT NCs were mixed with 0.25 mL of 10 mM ligand stock solution. 

The mixture was then stirred for 18 h. The as-synthesized Au@ATT NCs were purified 

by ultrafiltration (Millipore, 3 kDa). 

 

5.3 Results and discussion 

Gold salts as precursors were reduced by ligands ATT and aqueous NaOH to form 

Au@ATT NCs in Figure 27.A. Optical absorption and photoluminescence (PL) spectra 

of Au@ATT in NaOH show two absorption peaks at 400 and 475 nm and a maximal 

emission peak at 525 nm with an excitation wavelength of 430 nm in Figure 27.B and 

inset photographs show Au@ATT solutions under UV-(left)/day-(right) light, which 

suggested a close match with absorption and PL spectra from the report of Wei et al124. 

In addition, 2D PL map of Au@ATT NCs displays maximal emission wavelength also 

appeared at 525 nm with 430 nm of excitation wavelength in Figure 27.C. Besides, 

deconvoluted MS analysis of Au@ATT shows mainly distribution with the formula of 

Au290ATT181 in Figure 28 and size distribution with 2.3 nm in Figure 30, wherein 

expanded deconvoluted mass spectra evidenced the resolved peaks separated by 198 
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Da (mass of Au atom) conforming that this distribution is a fingerprint of gold-

containing nanoclusters. Interestingly, unlike other Au NPs with gold atom number 

over 250 and size larger than 2 nm,125 UV-vis absorption and emission spectra still 

show NCs feature instead of SPR NPs in this case. The more detailed electronic 

structure needs to be studied in the crystal structure of Au@ATT NCs.    

 
Figure 27. (A) Schematic illustration of formation of Au@ATT NCs, (B) UV-vis absorption and PL spectra 

of Au@ATT NCs (with λex = 430 nm), inset photographs are Au@ATT NCs under UV- (left) and day- 

(right) light, and (C) 2D emission and excitation map of Au@ATT NCs. 

 

 
Figure 28. (A) Deconvoluted mass spectrum of Au@ATT NCs. (B) zoom of the mass distribution 

showing peaks separated by 198 Da (mass of Au atom). 

 

After Au@ATT is synthesized, Figure 29.A shows a ligand exchange process with the 

addition of new alkane-based ligands under room temperature that bound to gold 
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surface with Au-S bond and exposing their carboxylic group and functionality126. And 

compared with UV-vis absorption spectra of Au@ATT NCs in Figure 27, UV-vis 

absorption spectra of Au@MUA NCs show a significant difference resulting in a shift 

in emission wavelength from distinction of electronic structures relative to Au@ATT 

NCs in Figure 29.B. 2D excitation and emission map of Au@MUA NCs displayed red 

fluorescence at 612 nm with excitation wavelength of 360 nm in Figure 29.C, which 

has completely different PL spectra with Au@ATT NCs. And both fluorescence spectra 

show a rapid red shift in PL wavelength from 525 nm of Au@ATT NCs to 610 nm within 

2 hrs by a simple ligand exchange process, which is determined by kinetic curve in 

Figure 29.D. The intensity ratio of wavelength at 610 nm and 525 nm versus reaction 

time can be plotted by Boltzmann fitting curve to show the formation of Au@MUA 

NCs in 100 mins and always keep a stable PL intensity until 48 hrs stirring.       

 

Figure 29. (A) Schematic illustration of ligand exchange process of Au@ATT NCs with 11-MUA. (B) UV-

vis absorption and PL spectra of Au@MUA NCs (with λex = 360 nm). (C) 2D emission and excitation 

map of Au@MUA NCs. (D) Fluorescence intensity ratio of the maximum wavelength of 610 nm and 

525 nm (λex = 360 nm) of Au@MUA NCs plotted over time. The data were fitted by a Boltzmann curve.   

 

In order to further understand properties of Au@MUA NCs and difference with parent 

Au@ATT NCs, size distributions from TEM and MS measurements were collected in 
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Figure 30.A. The TEM measurement of Au@ATT NCs shows a size distribution around 

2.3 nm and has a significant decrease to 1.5 nm of Au@MUA NCs after ligand exchange. 

Such decrease of metal numbers caused red-shift of PL wavelength is different from 

the report of Huang et al.112 In addition, red-shift cannot only contribute to change of 

size due to limited understanding of geometric structures of Au@ATT and Au@MUA 

NCs. And many reports about red-shift in NCs PL through no matter ligand or metal 

exchange involved in transformation of geometric structures.127-129  

 

Figure 30. (A) Size distributions of Au@ATT (green column plot) and Au@MUA NCs (dark red column 

plot) from TEM measurement. (B) Emission decay curves of Au@ATT (green dots) recorded at λex = 

418, λem = 530 nm and and Au@MUA NCs (dark red dots) recorded at λex = 360, λem = 610 nm. Inset 

column plot shows quantum yield of Au@ATT (with λex = 480 nm, λem = 525 nm) and Au@MUA NCs 

(with λex = 360 nm, λem = 610 nm). 

 

PL decay curves of Au@ATT and Au@MUA NCs were shown in Figure 30.B, with 

excitation and emission wavelengths of 418 and 530 nm for Au@ATT and 360 and 610 

nm for Au@MUA NCs. These data were fitted by using exponential function eq. 2. 

There are three shorter components (τ1= 18.8 ns, τ2=6.7 ns, and τ3=1.3 ns) for Au@ATT 

NCs, which suggest PL is fluorescence.130 While after ligand exchange, one longer 

component τ1= 80.6 ns together with two shorter components τ2=2.8 ns, and τ3=0.04 

ns appeared in Au@MUA NCs. The 4-fold increase in lifetime component τ1 suggests 

the change of the excited state relaxation dynamics.62 The change of energy transfer 

of excited state can be induced by nonradiative or radiative decay pathway. Figure 31 

displays dissolved oxygen quenched PL of Au@ATT NCs and Au@MUA NCs, which 

revealed that charge transfer (LMCT/LMMCT) involves in PL mechanism of both NCs. 
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Unlike PL lifetime, quantum yield values has a decrease from 4.37% of Au@ATT NCs 

with λex = 480 nm, λem = 525 nm to 0.165% of Au@MUA NCs with λex = 360 nm, λem = 

610 nm. These results suggest LMCT/LMMCT of Au@MUA NCs mightly affect 

reduction of radiative rate causing decrease in PL quantum yield, while strong 

hydrogen bond existed in Au@MUA NCs from Figure 32 and 33 increased nonradiative 

rate making PL lifetime increased after ligand exchange.124 However charge transfer 

also can contribute to longer lifetime value and rigidification of structures can increase 

PLQY, so it is hard to distinguish which part only affects radiative or nonradiative 

relaxation in this clusters system.62, 124 The complexed NCs framework of Au@MUA 

NCs resulted in the conflict between the change of PL lifetime and intensity before and 

after ligand exchange.   

 

Figure 31. (A) PL intensity of Au@ATT with λex = 400, λem = 525 nm followed by purging oxygen gas 

and argon gas for 30 mins. (B) PL intensity of Au@MUA with λex = 360, λem = 610 nm followed by 

purging oxygen gas and argon gas for 30 mins. 

 

To further understand ligands part of ligand exchanged NCs, characterizations of NCs 

ligands part before and after ligand exchange were measured. 1H NMR data 

measurements were performed. Figure 32.A clearly show a complete ligand exchange 

process and has no residual parent ligands ATT in the Au@MUA NCs, the resonance 

peaks are only from MUA ligands and show broadening and chemical shifts. The 

broadened resonance peak of thiol protons (d) of Au@MUA shifted downfield by 1 

ppm compared with free thiol values, which suggested MUA ligand successfully 
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absorbed gold surface.131 And the broadened resonance triplet peak of methylene 

proton (a) near carboxylate also has a downfield shift compared with pure ligand, 

which might contribute to hydrogen bond between carboxyl group in solution.132 The 

hydrogen bond of Au@MUA NCs also can be determined by FTIR spectra in the solid-

state in Figure 32.B. The peaks b and c of chemisorbed NCs has no chemical shift but 

broaden compared with free ligand in NMR spectra, which indicates the interaction 

between metal core and organic ligands, and approaching of the methylene groups (c) 

to the nanoparticles. For Au@ATT NCs, there is only one multiplet peak (d) due to the 

complex environment on the gold core surface where neighbored ATT molecules can 

be easily affected by each other. And thus, this signal (d) was not shown in spectra of 

Au@MUA NCs.                   

 

Figure 32. H1 NMR of ligands MUA (black line) dissolved in D2O+5 µL NaOD, Au@MUA (dark red line) 

and Au@ATT NCs (green line) dissolved in D2O.  

 

In order to investigate the hydrogen bond responsible for supramolecular structured 

Au@MUA NCs, Fourier transform infrared transmission (FT-IR) measurement of solid-

state Au@MUA and Au@ATT NCs were done. The green line is from Au@ATT NCs, the 

medium, broad peak at 3400 cm-1 is from free O-H stretching of ATT ligand in Figure 

33. The peak at 1618 cm-1 could be from C=N stretching, peak of 1370 cm-1 is from C-

H bending (-CH3). The peak at 1256 cm-1 corresponds to C-N. The dark red one is from 
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Au@MUA NCs. The strong and broad peak at 3310 cm-1 corresponds to intermolecular 

bonded O-H stretching, which has red shift and increase absorption compared with O-

H stretching of the hydroxyl group from ATT. This is direct evidence that the 

supramolecular structure is formed by hydrogen bonds between carboxylic terminals. 

And the peak at 1000 cm-1 is ascribed to O-H bending the peak at 1348 cm-1 

corresponds to OH…O between NCs, which also proves the formation of hydrogen 

bond in the Au@MUA NCs. And split peak at 1660 and 1730 cm-1 might be from C=O 

stretch mode of COO- of carboxylate group and the peak at 1558 cm-1 is ascribed to 

C=O of COOH of carboxyl group. FTIR measurement of Au@MUA NCs dissolved in 

water after dried was done, the broad O-H stretching peak belongs to hydrogen bond 

between carboxylate groups. However, higher pH at 7 still cannot make carboxylate 

group of MUA deprotonated, the hydrogen bond might be ascribed to the interaction 

between carboxylate groups, with hydrogen atom of water or retained carboxylic 

hydrogen atom as media. And the double peak at 2800 cm-1 from C-H stretching and 

the single peak at 1458 cm-1 from C-H bending of methylene group are shown in both 

NCs spectra. 

 

Figure 33. FTIR spectra of Au@MUA (dark red line) and Au@ATT NCs (green line) in solid state. 

 

The most interesting aspect of Au@MUA NCs is the origin of luminescence, 
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temperature- and pH-dependent luminescence were carried out. Figure 34 shows the 

PL intensity has increased with decreasing temperature from 22°C to 0°C and with 

declining pH from 13 to 6 for Au@MUA NCs also as shown in inset photographs. 

Interestingly, the PL intensity drastic increase around 0°C which corresponds to the 

freezing point of the solvent water. And the formation of dimers or trimers in the 

aqueous solvent makes PL intensity significantly increase, especially at pH around 6. 

The results suggested that the dimer or trimer can form an interlocked gold shell 

structure no matter at freezing point temperature or neutral pH, which is similarly 

investigated in the Au22(SG)18 NCs reported by Lee et al133. Such that, the higher PL 

intensity and long-lived PL lifetime observed for Au@MUA clusters especially in 

neutral pH can be ascribed to ligand-to-metal−metal charge transfer (LMMCT) 

mechanism involved in the triplet metal centered state in the long, interlocked gold 

shell. Normally the LMMCT-induced PL has been observed for aurophilic interactions 

when the adjacent gold−gold distances are less than 3.6 Å134. Enhanced LMMCT PL 

intensity upon freezing and neutral pH can be ascribed to a drastic reduction in the 

nonradiative relaxation offered by the gold shell.  

  

Figure 34. Column plot of PL intensity of Au@MUA NCs at room temperature 22°C and frozen 

temperature 0°C and pH 13 and 6. 
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6 Conclusion 

A simple ligand exchange method can tune the structure and optical properties of 

Ag29(S2R)12 NCs. There is around 40-fold enhancement in PLQY of Ag29(BDT)12 with new 

ligand DHLA. DFT computational calculation proposes the geometric structure and 

optical properties of Ag29(BDT)12–xDHLAx
3– (x = 1, 12), wherein electronic structures 

DFT optimized matches well with experimental ones confirmed by CCS of IM-MS 

measurement and trajectory calculations. The photoluminescence mechanism of 

Ag29(BDT)12–xDHLAx NCs includes both the fluorescence and phosphorescence 

processes. Meanwhile, fluorescence is the major contributor in Ag29(BDT)12 NCs, and 

phosphorescence mainly contributes to Ag29(BDT)12–xDHLAx (x = 1–12) and even for 

AuAg29DHLA12 from lifetime and quantum yield analysis. The involvement of the triplet 

state suggests that the PLQY enhancement is due to LMCT. Ligand DHLA having more 

electron-donating than BDT facilitates the charge transfer via Ag–S bond to metal core 

and carboxyl group also promotes charge transfer of inter-NC and intra-NC. 

Additionally, a significant reduction of Ag29(BDT)12–xDHLAx
3– (x = 1–6) compared with 

parent Ag29(BDT)12 NCs due to the dimerization enhances the structural rigidity and 

the PLQY. And thus, the core might be responsible for photoluminescence and the 

ligand plays a vital role in their PLQY. Both surface engineering on ligands or doping in 

the core can enhance the PL intensity and the PLQY, but core-doping in 

Ag29(DHLA)12 NCs can tune emission wavelength. Therefore, this also suggests that the 

PL mechanism is specific to individual NCs unlike semiconductor QDs, where “every 

metal atom and ligand matters”. The ligand’s structure and functionality of ligand and 

core could be a potential key to solving the mystery of the PL of metal NCs. 

Different surface modifications were used for green-emitting Au@MUA NCs to 

understand the impact of ligand shell-related parameters on the unknown-structured 

NCs’ fluorescence properties. Exchange of the parent MUA ligands with ligands of 

different carbon chain lengths N shows a change in the PL intensity but no shift in the 

emission wavelength. An increase in N lengths enhances the nonradiative contribution 
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in the NCs determined by the lifetime data, which leads to a linear decrease in their 

PLQY. In addition, conjugation of the charged carboxyl head group of the ligands results 

in change of surface charge leading to aggregation- caused PL quenching. The oxidizer 

H2O2 can only oxidize ligands of Au@MUA NCs not metal surface of NCs, which shows 

PL quenching from aggregation. Despite not being able to precisely determine the PL 

mechanism due to unknown structure, ligand exchange and conjugation data provide 

evidence of LMCT mechanism of PL.  

The fluorescence color of Au@ATT NCs changed from green to red of Au@MUA NCs 

with longer PL lifetime by using the capping ligands. Intermolecular interactions 

between metal NCs were controlled by ligands as well. PL drastic enhancement was 

achieved by rigidifying or interlocking the gold shell by lowering NCs temperature or 

adjusting solvent pH. The results also hint that the LMMCT effect dominated the PL of 

intramolecular-structured Au NCs. This work offers new promise for the use of stable 

luminescent gold clusters in biomedical applications.  
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ABSTRACT: A ligand exchange strategy has been employed to
understand the role of ligands on the structural and optical
properties of atomically precise 29 atom silver nanoclusters (NCs).
By ligand optimization, ∼44-fold quantum yield (QY) enhancement
of Ag29(BDT)12−x(DHLA)x NCs (x = 1−6) was achieved, where
BDT and DHLA refer to 1,3-benzene-dithiol and dihydrolipoic
acid, respectively. High-resolution mass spectrometry was used to
monitor ligand exchange, and structures of the different NCs were
obtained through density functional theory (DFT). The DFT
results from Ag29(BDT)11(DHLA) NCs were further experimen-
tally verified through collisional cross-section (CCS) analysis using
ion mobility mass spectrometry (IM MS). An excellent match in
predicted CCS values and optical properties with the respective
experimental data led to a likely structure of Ag29(DHLA)12 NCs consisting of an icosahedral core with an Ag16S24 shell. Combining
the experimental observation with DFT structural analysis of a series of atomically precise NCs, Ag29−yAuy(BDT)12−x(DHLA)x
(where y, x = 0,0; 0,1; 0,12 and 1,12; respectively), it was found that while the metal core is responsible for the origin of
photoluminescence (PL), ligands play vital roles in determining their resultant PLQY.

■ INTRODUCTION

Noble metal nanoclusters (NCs) are composed of metal atoms
and organic ligands (such as thiols) with distinct optical
properties.1,2 High photostability and ultrasmall sizes are the
primary features of these metal NCs.3−6 The significant
disadvantage of these metal NCs in terms of their vis−NIR
photoluminescence (PL) is their low quantum yield (QY)
compared to semiconductor quantum dots (QDs).7 Research
strategies on improving the PLQY are in high demand,
particularly for any PL-based application of metal NCs. Tuning
the PLQY of metal NCs requires a fundamental understanding
of their PL mechanism.7 Questions such as the origin of PL,
PL kinetics, the role of metal cores, ligands, etc. need careful
consideration. Several reports exist on understanding the PL
mechanisms of AuNCs. For example, Jin et al. reported that
functional groups in the side chain of thiol ligands strongly
influence the PL intensity of Au25(SR)18 NCs.

8 They inferred
that thiol ligands with electron-rich atoms, such as O or N in
the side chain, can promote the PL intensity through ligand to
metal charge transfer (LMCT) or ligand to metal to metal
charge transfer (LMMCT).8 On the other hand, a “kernel-
origin” based PL mechanism was proposed by Aikens et al.
through computational analysis.9 It is conceivable that the
kernel-structure relaxation is primarily responsible for the NIR

emission of Au25(SR)18 NCs rather than kernel-to-shell
relaxation (i.e., Au(0) to Au(I)).9 In another recent report,
Jin et al. have supported such a “kernel-origin” mechanism by
carefully choosing a correlated series of “monocuboctahedral
kernel” AuNCs.10 Results from such examples are summarized
in a review article by Zhu et al.7 The aggregation-induced
emission (AIE) concept was proposed by the Xie group to
explain the PL mechanism of AuNCs.11,12 Considering these
results, it is yet unclear whether the metal core (e.g., kernel-
origin mechanism) or the “ligand” (e.g., LMCT mechanism) is
playing the dominant role in the PL properties of structurally
known AuNCs. Furthermore, it has remained unclear whether
these types of PL mechanism are general for all coinage-metal-
based NCs or very specific to individual AuNCs only. In
contrast to the latter, most of the coinage metal NCs with high
QY are water-soluble,13,14 and their structural details have not
been elucidated to date.
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Ag29(S2R)12 NCs are one of the most studied fluorescent
NCs from the silver family.15−17 It is reported that by
enhancing the structural rigidity18 (which decreases the
probability of nonradiative relaxation of the excited states) or
by doping,19 the PLQY of Ag29(BDT)12 NCs (BDT, 1,3-
benzene-dithiol) can be significantly improved. For example,
Zhu et al. reported that by lowering the temperature, ∼20-fold
enhancement in PLQY is achievable due to reduced non-
radiative relaxation from excited states.18 Bakr et al. showed
26-fold and 2.3-fold enhancement in the PLQY due to Au and
Pt doping, respectively.19 Zhu et al. have demonstrated 13-fold
enhancement of the PLQY by adding excess triphenylphos-
phine (TPP), and aggregation-induced emission (AIE) was
proposed as the prime reason for the enhancement. Pradeep et
al. showed a nearly 30-fold enhancement of the PLQY by
replacing such secondary TPP ligands with diphosphines of
increasing chain length.20 From DFT analysis, they proposed a
LMCT mechanism to be responsible for the PLQY enhance-
ment.20 On the contrary, Ag29(DHLA)12 NCs (DHLA,
dihydrolipoic acid) do not have any such secondary ligands,
but they are reported to have a higher PLQY than
corresponding Ag29(BDT)12 NCs having a similar chemical
formula.15,21 The change of the PLQY could be due to
structural differences or due to the effect of ligands. Notably,
the presence of carboxyl groups in the thiol side chain (e.g.,
DHLA,15,22 mercaptosuccinic acid (MSA),23 11-mercaptoun-
decanoic acid (MUA),14,24 glutathione (GSH),12,25,26 etc.) is
common in most of the water-soluble metal NCs with the
highest PLQY. The question arises if the carboxyl group
promotes the PL, making LMMCT/LMCT the most
dominant PL mechanism for the case of Ag29(DHLA)12
NCs. Since the crystal structure of Ag29(DHLA)12 NCs has
not been solved yet, a different approach was taken here to
determine the structure of Ag29(DHLA)12 NCs, which can
help to solve the puzzle of their PL mechanism.
In this work, we have employed a ligand exchange strategy

starting with the structurally known Ag29(BDT)12 NCs16 to
understand the effect of ligands on the structure and optical
properties of Ag29(DHLA)12 NCs. High-resolution electro-

spray ionization (HRESI) and ion mobility (IM) mass
spectrometry (MS) confirmed the ligand exchange, leading
to the formation of Ag29(BDT)12−x(DHLA)x NCs (x = 1−6).
This ligand exchange showed significant enhancement (∼44-
fold) in PLQY. Consequently, density functional theory
(DFT) has been implemented to determine the most stable
structure of single ligand exchanged Ag29(BDT)11(DHLA)

3−

(i.e., trianion species where only one BDT ligand had been
exchanged by one DHLA ligand), which was further verified
using ion size analysis by collisional cross sections (CCS)
determined via IM-MS experiments. This inference of the most
stable isomer in Ag29(BDT)11(DHLA) NCs led us to a likely
structure of Ag29(DHLA)12 NCs, which has an icosahedral
core with an Ag16S24 shell. Structural analysis of a series of
atomically precise NCs, Ag29−yAuy(BDT)12−x(DHLA)x (where
y, x = 0,0; 0,1; 0,12 and 1,12; respectively) and experimental
observations suggest that both ligand and core contribute to
the PL properties of Ag29(DHLA)12 NCs.

■ RESULTS AND DISCUSSION

Ag29(BDT)12 and Ag29(DHLA)12 NCs were synthesized using
reported protocols15,16,27 (see the Experimental Section for
details) and characterized using UV−vis absorption spectros-
copy, fluorescence spectroscopy, and HRESI MS (Figures S1,
S2, and S5). The ligand exchange experiment was performed
by introducing an aqueous solution of DHLA to the purified
Ag29(BDT)12 NCs in DMF (details are mentioned in the
Experimental Section, and control experiments are in
Supporting Information, Figures S16−S24). Note that all the
MS measurements in the current study were performed in
negative ion mode. HRESI MS analysis of the resulting mixture
shows the presence of NCs with a maximum of six ligands
exchanged, which are assigned as Ag29(BDT)12−x(DHLA)x
where x = 0−6, respectively based on their mass to charge
ratio (m/z) and calculated isotopic pattern (Figures 1A, S3A,
and S4). The magic behavior of NC with x = 6 might be
associated with their balanced structure due to the same ligand
ratio. IM-MS has been employed to separate these six-ligand
exchanged NCs based on their drift times in nitrogen (6.3, 6.9,

Figure 1. (A) Typical ESI MS of a Ag29(BDT)12−x(DHLA)x NCs solution showing a maximum of six ligands exchanged. An expanded view (black
trace) is presented in the inset with corresponding calculated spectra (red trace). A further expanded view of the MS spectrum of
Ag29(BDT)12−x(DHLA)x

3− with x = 1 resolves the isotopologue distribution and shows an exact match with the calculated spectrum. (B) Drift time
profile of Ag29(BDT)12−x(DHLA)x

3− measured in IM mode, showing the increasing size of the ligand exchanged NCs.
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7.4, 7.7, 8.0, 8.3, and 8.6 ms for x = 0−6 ligand exchange
products, respectively) (Figure 1B). Similar increase was
observed in their respective collision cross sections (CCS) as
well (480, 510, 533, 544, 558, 571, and 583 Å2 for x = 0−6,
respectively). The extent of ligand exchange was found to be
nearly 20%, which was determined from the mass spectra peak
intensity of the parent and ligand exchanged NCs. For this we
have studied the relative intensities of the 3− charge state
which we assume to be proportional to the solution
concentration of the ensemble of NCs, namely,
Ag29(BDT)12−x(DHLA)x NCs (x = 1−6). It is important to
note here that ligand exchange is mostly a dynamic process,28

and hence it is expected that there will always be some
unreacted or reverse ligand exchanged Ag29(BDT)12 NCs in
the solution mixture.28−30

To understand how ligand exchange affects their optical
properties, UV−vis absorption spectra were collected for
Ag29(BDT)12−x(DHLA)x NCs and compared with
Ag29(BDT)12 (Figure 2A) and Ag29(DHLA)12 NCs (Figure
S5). The UV−vis absorption spectrum shows a nearly 11 ± 3
nm blue-shift in the prime absorption peak (appears at 430 ± 2
nm) in comparison to the parent Ag29(BDT)12 NCs, which has
a peak situated at 441 ± 3 nm (Figure 2A). Additionally, a new
shoulder peak appears at 497 nm. Both of these two peaks
show similarity with the absorption features (around 427 ± 2
and 490 ± 2 nm, respectively) of Ag29(DHLA)12 NCs (Figure
S5). The shift in the absorption peak maximum due to ligand
exchange suggests a significant role of the ligands on the
optical band origins of the NCs. The emission spectra of
Ag29(BDT)12−x(DHLA)x NCs were collected to check the
impact of ligand exchange on the PL intensities (Figure 2B).
They are also presented in terms of a 2D PL map (Figure 2C).

The spectra show (40 ± 4)-fold enhancement in PL intensity
(Figure 2B) and no apparent shift in the maximum emission
peak position (660 nm) (Figures 2B,C, S1B, and S5).
Maximum PL enhancement was seen at a DHLA concen-
tration of 16.2 mM (Figures S8 and S9), which was used for all
further experiments. Bright photoluminescence can also be
seen under a UV lamp in the case of Ag29(BDT)12−x(DHLA)x
NCs (Figure 1A). The PLQY shows ∼44-fold enhancement
(PLQY of Ag29(BDT)12−x(DHLA)x NCs is 34.8%) upon
ligand exchange on Ag29(BDT)12 NCs (PLQY = 0.8%)
(Figures S11 and S12 and Table S1). This PLQY enhancement
might be a contribution from one single NC or combination of
all NCs. The ligand exchange kinetics was monitored based on
the change in intensity of the emission peak (at 660 nm) and
the change in absorption peak position (from 441 nm of the
parent Ag29(BDT)12 NCs). The PL intensity plot has a
sigmoidal shape (Figures 2D and S10), and it takes nearly 200
± 10 min to complete the ligand exchange process. Reverse
ligand-exchange on Ag29(DHLA)12 NCs using BDT (Figures
S16 and S17) shows a decrease in PL intensities, further
supporting the decisive role of ligands on the PL.
The ligands’ contribution to enhancing the PLQY could be

due to these three reasons: (a) AIE, (b) surface rigidification,
or (c) LMCT, as explained previously in a few specific cases.7

Initially, a decrease in the pH of the solution does not result in
enhanced PL intensity in the ligand exchanged NCs (Figure
S19), so AIE can be ruled out.31,32 Surface rigidification (apart
from AIE) can happen due to other intraligand interactions in
the NCs. This cannot be completely ruled out because the
NCs’ carboxyl group and benzene ring might have intraligand
interaction.33 The other possibility is that the carboxyl group
can form dimers, which has been observed in the case of many

Figure 2. (A) UV−vis absorption spectra of Ag29(BDT)12NCs (black trace) and Ag29(BDT)12−x(DHLA)x NCs (red trace). The inset shows the
corresponding photographs of Ag29(BDT)12 NCs (black dot) in DMF and Ag29(BDT)12−x(DHLA)x NCs (red dot) in a DMF−water mixture
under visible (left) and UV (right) light, respectively. (B) PL spectra of Ag29(BDT)12 NCs (black trace) and Ag29(BDT)12−x(DHLA)x (red trace)
NCs. The PL intensity at 660 nm was used for relative comparison. (C) 2D PL map of Ag29(BDT)12−x(DHLA)x NCs. (D) Kinetics of ligand
exchange monitored by the PL intensity at 660 nm (green dots) and the wavelength corresponding to the maximum absorbance (blue dots) of
Ag29(BDT)12−x(DHLA)x NCs. (E) Time-resolved PL decay curves of Ag29(BDT)12 NCs (black trace) and Ag29(BDT)12−x(DHLA)12 NCs (red
trace). The inset shows the expanded view of the decay curves. (F) Column plot of the corresponding longer lifetime component values (τ3)
derived from the lifetime data (details in Supporting Information).
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carboxylic acids.34−36 Such bonding interaction between the
ligands (of the same NC) reduces molecular flexibility in the
solution, reducing the nonradiative relaxation, thus resulting in
enhanced PLQY. Another possibility is to enhance the PLQY
via LMCT, which we attribute to be the dominating
mechanism in our work, as the carboxyl functional group is
known for promoting LMCT due to electron-donating atoms
(oxygen).37

To unravel the mechanism further, time-resolved spectros-
copy data of Ag29(BDT)12 and Ag29(BDT)12−x(DHLA)x NCs
were compared (Figure 2E, Figure S15, and Table S2). We
found a substantial increase in the PL lifetime when
substituting BDT with DHLA. The lifetime data were fitted
using a triexponential decay (Figure S15), resulting in two
shorter (τ1 and τ2) and one longer (τ3) lifetime components
(Table S2). In general, for thiolated metal NCs, the shorter
lifetime components (τ1 and τ2) are usually attributed to the
interband transition (d → sp) of the metal cores. In contrast,
the longer lifetime component (τ3) might correspond to the
LMCT transition.7,43−45 In the case of the ligand-exchanged
Ag29(BDT)12−x(DHLA)x NCs, τ3 increased to 4.79 μs and
became the dominating (98%) contributor (Figure 2F, Table
S2). This result suggests an important contribution of ligands

in the PL mechanism and raises the question about the ligands’
orientation on the NCs’ surface, which needs a structural
understanding of the ligand-exchanged NCs.
To obtain the molecular structure (see the Experimental

Section for details), the coordinates of Ag29(BDT)12 were
taken from AbdulHalim et al.16 There are 12 BDT ligands that
consist of six symmetry equivalent pairs in the NC, giving two
possible thiol sites for the addition of DHLA. As each BDT
ligand has two thiol groups, this allows one doubly
deprotonated (protons from −SH group) DHLA ligand to
replace a single BDT group. The TPP ligands also present in
the solid were removed as they are not present in the
Ag29(DHLA)12 NCs. Four possible isomers were created for
Ag29(BDT)12−x(DHLA)x

3− (x = 1) using the MacMolPlt
visualization tool, and the connectivity to the thiol groups can
be seen in Figure 3.46 The thiol groups guide the construction
of the ligand, so the distance between thiol sites was measured,
as well as the distance between the same thiol site on the
neighboring ligand (6 ligand pairs or “neighbors” making 12
total ligands in the cluster).
The average bond lengths calculated at the BP86/DZ level

of the theory of the ground state structure upon the addition of
ligands are shown in Table 1.

Figure 3.Molecular structures of the four isomers created for Ag29(BDT)11DHLA
3−. The green, yellow, gray, red, and white atoms represent silver,

sulfur, carbon, oxygen, and hydrogen. All four isomers kept the thiol group locations from the crystal structure in place (atoms 1 and 2). (A) The
Trans A structure sticks out with 180 dihedral angles ∼14.20 Å away from the center of the icosahedral core. The DHLA ligand was constructed by
starting at thiol group 2 and connecting atoms 2−5−4−3−6 with thiol group 1 connecting to carbon atom 3. (B) The trans B structure also sticks
out with 180 dihedrals, with the same distance away from the core. The DHLA ligand was constructed by starting at thiol group 1 and connecting
atoms 1−3−4−5−6 with thiol group 2 connecting to carbon atom 5. (C) The curled A structure has the same connectivity as Trans A; however, it
is curled around the NC to observe the interaction between the carboxyl group and outer shell Ag motif. (D) The curled B structure has the same
connectivity as Trans B, and it is also curled around the NC like the curled A structure. The calculated most stable isomer (Trans B) is in
agreement with the corresponding experimental data, as revealed by a close match between CCS values (exp and cal). All the CCS were calculated
using trajectory method as implemented in IMOS 1.09 taking the different isomeric DFT optimized structures and assuming the 3− charge was
distributed following natural population analysis (NPA). We have also included the quadrupole moment of N2 in the CCS calculation.47
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As the DHLA ligands are added, many of the bonds in the
Ag13 icosahedral core and the Ag−Ag shell bonds elongate.
Elongation in the core specifically happens in the outer part of
the icosahedron, where bonds not involving the center atom
can get up to ∼0.040 Å longer and others ∼0.035 Å shorter as
seen in Figure S25. Elongation in the core and shell is generally
consistent as each DHLA ligand is added. Eventually, the
average difference between Ag29(BDT)12 and Ag29(DHLA)12 is
0.003 Å in the core and 0.054 Å in the shell. The Ag−S bonds
(both crown and motif positions, Figure 4C in the main paper)
shorten by ∼0.005 Å between Ag29(BDT)12 and
Ag29(DHLA)12 NCs. The distance between thiol sites (“1”
and “2”, Figure 3) gets slightly larger with the addition of
DHLA. The thiol sites between neighboring ligands (site “1”
compared with site “1” on the closest neighboring ligand) do

not show a common trend; however, this distance does
increase when all 12 DHLA ligands are added as compared to
12 BDT ligands. Therefore, the surface configuration does
change in conjunction with the thiol groups.
The ground state (S0) geometry optimization was run for

each trianion isomer with x = 0−4 and 12. The most stable
energy isomer is Trans B, which can be seen in Figure 4A
(labeled a).
For further confirmation, CCS values have been measured

using IM-MS47 and were compared with the corresponding
calculated values (Figure 3) (details of the CCS calculations
are mentioned in Supporting Information). The close match of
the experimental CCS values with the calculated ones for
Trans B isomer strengthens the theory−experimental correla-
tion. While the theory and experiment agree that the lowest
energy isomer is the Trans B structure, and hence we use it for
further computational study, we cannot exclude the possibility
that other isomers may exist in solution. The relative energies
vary between isomers from 0.03 eV to 0.5 eV depending upon
the level of theory and are reported in the Supporting
Information. However, to understand exactly how the alkane
chain in DHLA transforms in solution, dynamics calculations
would be required.
Predicted absorption spectra for Ag29(BDT)12−x(DHLA)x

NCs are in good agreement with the experimental results
(Figure 4B). When x = 0, the higher energy peak appears at
2.80 eV, which corresponds to the experimentally observed
peak at 2.76 eV. The lower energy peak appears at 2.52 eV,
which corresponds to the experimentally observed shoulder at
2.43 eV. Upon the addition of DHLA, both peaks blue-shift.
The higher energy peak appears at 3.02 eV, and the lower
energy peak appears at 2.68 eV. This blue shift of both peaks
upon the addition of DHLA also appears in the experimental
spectrum (Figure S5, Figure S10, and Figure 2D). The PL of
Ag29(BDT)12−x(DHLA)x NCs is analyzed by running an
excited singlet state geometry optimization from the optimized
ground state (S0) geometry (for trianions). The emission
energy is calculated by taking the difference between the
excited- and ground-state energies at the optimized excited
state geometry (details are in the Supporting Information).
Triplet states could not be accessed as there were SCF
convergences issues at the BP86/DZ level of theory. The
theoretical emission energy, 0.84 eV, is significantly under-
estimated compared to the experimental PL spectrum centered
at 1.91 eV. The geometry and HL gaps of our optimized S1
state are shown in the Supporting Information; however, due
to the neglect of spin orbit coupling and only analyzing
stationary points on adiabatic states, there are limitations to
understanding the PL mechanism from a theoretical
perspective. Consequently, the calculations with a long-range
exchange-correlation functional, presented in the Supporting

Table 1. Average Bond Lengths (in Å) of the Optimized Structures upon the Addition of DHLA

bond length (Å)

Ag core−Ag core Ag shell−Ag shell Ag shell−S crown Ag shell−S motif S thiol−S thiol S group−S group

Ag29(BDT)12 2.959 ± 0.106 2.984 ± 0.021 2.564 ± 0.015 2.619 ± 0.040 5.680 ± 0.015 4.389 ± 0.043
Ag29(BDT)11DHLA 2.959 ± 0.105 2.992 ± 0.025 2.563 ± 0.016 2.621 ± 0.044 5.684 ± 0.023 4.391 ± 0.038
Ag29(BDT)10(DHLA)2 2.960 ± 0.106 2.994 ± 0.027 2.563 ± 0.017 2.621 ± 0.051 5.689 ± 0.030 4.388 ± 0.051
Ag29(BDT)9(DHLA)3 2.961 ± 0.103 2.990 ± 0.032 2.563 ± 0.019 2.619 ± 0.049 5.697 ± 0.034 4.374 ± 0.048
Ag29(BDT)8(DHLA)4 2.961 ± 0.103 2.994 ± 0.029 2.563 ± 0.020 2.618 ± 0.049 5.699 ± 0.030 4.388 ± 0.058
Ag29(DHLA)12 2.963 ± 0.102 3.038 ± 0.038 2.56 ± 0.021 2.615 ± 0.043 5.736 ± 0.017 4.480 ± 0.032

Figure 4. (A) Molecular structures of the lowest energy isomers of
Ag29(BDT)11DHLA

3− (a) and Ag29(DHLA)12
3− (e). The green atoms

(deep green are in the core, and olive green are in the shell) are silver,
yellow atoms are sulfur, gray are carbon, white are hydrogen, and red
are oxygen. (a) The entire 187-atom NC with one BDT ligand
replaced by one DHLA ligand. (b) The structure without the organic
part containing an icosahedral core with an Ag16S24 shell. (c) Ag16S24
shell made of four Ag3S6 crowns with four Ag1S3 motifs. (d) The 13-
atom icosahedral core. (e) The entire 341-atom Ag29(DHLA)12 NC.
Each BDT group has now been replaced by the corresponding DHLA
g r o u p . ( B ) A b s o r p t i o n s p e c t r a c a l c u l a t e d f o r
Ag29(BDT)12−x(DHLA)x

3− (x = 0−4, 12) together with the
experimental spectra of Ag29(BDT)12 (black dotted line) and
Ag29(DHLA)12 NCs (red dotted line), respectively. I(E) is propor-
tional to [absorbance/(energy)2].
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Information, hint that the PL mechanism may primarily arise
from metal to metal transitions.
To reveal the metal kernel’s role on the optical properties,

the Ag29(DHLA)12 NCs were doped with Au via a postsyn-
thesis modification route with different doping percentage
(synthesis details and characterizations are mentioned in the
Supporting Information, Figures S6 and S7). A 4-fold increase
in the PLQY of AuyAg29−y(DHLA)12 was observed in
comparison to Ag29(DHLA)12 NCs (Figures S13 and 14 and
Table S1). The average lifetime decreased from 3.7 μs (in
Ag29(DHLA)12 NCs) to 1.5 μs (in AuyAg29−y(DHLA)12 NCs)
upon doping (Figure S15 and Table S2). So the results suggest
that even single Au atom doping (Figures S28 and S30C) can
result in an enhancement in PLQY of Ag29(DHLA)12 NCs, and
hence the contribution of the metal core in the PL mechanism
cannot be ignored. DFT structural analysis (of trianions)
suggests that a single Au atom doping in Ag29(DHLA)12 NCs
can change the HOMO−LUMO gap significantly from 1.24 to
1.37 eV (a similar trend has been observed upon doping
Ag29(BDT)12 NCs);48 on the other hand, a single ligand
exchange does not affect the HOMO−LUMO gap (Figure
5A). Ag29(BDT)12−x(DHLA)x NCs have structural similarities,
but the increase in experimental PLQY shares specific patterns
with the theoretical ground state analysis. Both gold
monodoping and exchanging the ligands to DHLA increase
the Ag−Ag shell bond lengths while simultaneously shortening
the Ag−S bonds. The average core bond lengths change less
than ∼0.006 Å, which hints that the core’s average structural
differences may not be the only contribution to the enhanced

experimental PLQY. Still, a consistent blue shift in both
experimental absorption and emission peaks upon doping
suggests the core structure is responsible for the origin of PL in
Ag29(DHLA)12 NCs.
While the excitations within the core might be the origin of

the PL, ligands play a vital role in the PLQY especially for the
case of Ag29(BDT)12−xDHLAx NCs. Experimentally, the PLQY
can be enhanced in two ways, either by increasing the radiative
contribution or by decreasing the nonradiative contribution
(i.e., surface vibration and ultrafast structural relaxation).7 In
this case, the ligand exchange leads to a considerable decrease
in nonradiative relaxation (∼100-fold decrease in the
qualitative KNR value as revealed from their lifetime data,
Table S3). A decreasing contribution of nonradiative relaxation
in Ag29(BDT)12−xDHLAx NCs could be due to additional
intra-NC ligand interaction (between BDT and DHLA) or due
to intra-NC interaction via dimer formation (note that
polymer formation or the possibility of aggregation has already
been excluded; see above). Using IM-MS, we could confirm
dimer formation in the solution and obtained corresponding
MS data representing dimers of Ag29(BDT)11DHLA NCs
(Figure 5B). The existence of proton and Na ion bound dimers
has been reported for Ag29(BDT)12 NCs.49 The DFT
optimized structure of the dimer multianions revealed a
smaller HOMO−LUMO gap (1.16 eV) than the parent NC
(1.42 eV). The concentration-dependent shift in their PL
emission maxima (Figure S5) further confirms dimers’
existence in the solution. The formation of dimers leads to a
decrease in molecular flexibility, minimizing the nonradiative

Figure 5. (A) The HOMO−LUMO energy gaps of a series of Ag29−yAuy(BDT)12−x(DHLA)x
3− (where y, x = 0,0; 0,1; 0,11; 0,12 and 1,12;

respectively). Blue column (right axis) represents the energy gap via LRCF calculation, whereas the other color column represents the energy gap
via BP86 calculation, together with their corresponding representative HOMO (down side) and LUMO structures (upper side), respectively. (B)
DFT optimized dimer structure of (Ag29(BDT)11DHLA)2

6− with a calculated HOMO−LUMO gap of 1.16 eV. Dimers were identified from IM-
MS as shown in (B). Extracted MS from the 10−11 ms region in the mobilogram (labeled as dimer 4-) is shown in the inset, which shows an exact
match with the isotopologue distribution expected for the 4- dimer of Ag29(BDT)11DHLA NC with a few solvent molecules. (C) Jablonski diagram
illustrating the proposed dominating relaxation mechanism for each Ag29−yAuy(BDT)12−x(DHLA)x

3− NC cases (marked as (y, x)). The energy
levels are drawn in a qualitative way and do not reflect their accurate energies.
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relaxation and, hence, the increase in PLQY. However, that
alone might not explain the 44-fold PLQY enhancement in the
ligand-exchanged NCs. Understanding the PL mechanism
would be needed to explain this high PLQY. The lifetime
dynamics for Ag29(BDT)12 NCs show the highest contribution
(93%) from τ2, whereas for ligand exchanged NC,
Ag29(DHLA)12 and Au-doped NC cases, it comes from τ3.
The longer lifetime (in the range of μs) indicates triplet states’
involvement via intersystem crossing, which supports the
major contribution of phosphorescence (which involves
LMCT) in their PL mechanism. In contrast, fluorescence is
dominating for the case of Ag29(BDT)12 NC (Figure 5c).
Solvent induced shift confirms the charge transfer38−42 in the
excited states (Figure S21), and O2-induced PL quenching
confirms (Figure S24) the involvement of triplet states and
provides a strong proof of LMCT.15 The differences in ligands’
backbone structures play an important role in facilitating the
charge transfer process in the following two ways.
First, the electron-donating capacity of the DHLA ligand is

more than the BDT ligand (due to delocalization and
involvement in additional π−π interligand interactions),
which facilitates the charge transfer via Ag−S bonds to the
metal core. The addition of ligands with multiple electrons
donating groups results in enhancing the PL intensity,
supporting the above statement (Figure S20). Second, the
free carboxyl group can be further involved in intra-NC (when
one of the thiols ends is not attached to Ag) and inter-NC (for
dimers) charge transfer via carboxyl group as seen for
glutathione protected Au25 NCs.8 This is supported by the
pH-dependent experiment where deprotonation enhances the
PL intensity (Figure S19).

■ CONCLUSIONS
In summary, we have shown how ligand exchange can tune the
structure and optical properties of Ag29(S2R)12 NCs. Ligand
exchange with DHLA ligands on Ag29(BDT)12 NCs showed
∼40-fold enhancement in PLQY. Extensive DFT calculation
predicts the structure, optical, and photophysical properties of
Ag29(BDT)12−xDHLAx

3− (x = 1, 12). CCS comparison based
on IM-MS and trajectory calculations confirms a good match
of the DFT-predicted structure with the experimental one. The
photoluminescence mechanism involves both the fluorescence
and phosphorescence processes. However, on the basis of the
lifetime dynamics analysis, fluorescence is major contributor in
Ag29 NCs with x = 0, whereas phosphorescence dominates in x
= 1−12 and even for Au doped NCs. The involvement of the
triplet state suggests that the PLQY enhancement is due to
LMCT. Ligand’s structure and orientation play a major role in
the LMCT process. DHLA, being more electron-donating than
BDT, facilitates the charge transfer via Ag−S bond to metal
core.
Furthermore, the carboxyl group of the DHLA can also

promote inter-NC and intra-NC charge transfer. Additionally,
nonradiative relaxation is relatively less significant in
Ag29(BDT)12−xDHLAx

3− (x = 1−6) due to the dimer
formation, enhancing the structural rigidity and thus the
resulting enhancement in the PLQY. Hence, although the core
might be responsible for photoluminescence’s origin, the
ligand plays a vital role in determining their PLQY. Surface
engineering on ligands or doping in the core can affect the PL
intensity and the PLQY, but tunability in emission wavelength
is achievable via doping for Ag29(DHLA)12 NCs. This result
also suggests that the PL mechanism is specific to individual

NCs, where “every metal atom and ligand matters”, unlike
semiconductor QDs. The ligand’s structure and functionality
in NCs could be a potential key in solving the mystery of the
PL of metal NCs.

■ EXPERIMENTAL SECTION
Synthesis of Ag29(BDT)12 NCs. Ag29(BDT)12 NCs were

synthesized using a previously reported protocol16 with slight
modifications. More specifically, 10 mL of dicholormethane (DCM)
was mixed with 13.5 μL of BDT in a 20 mL borosilicate glass
scintillation vial. Then, a solution of 20 mg of AgNO3 in 5 mL of
methanol was added to the reaction mixture under vigorous stirring,
whereby the color of the reaction mixture turned turbid yellow due to
the formation of insoluble Ag−S complex. A solution of 200 mg of
TPP in 2 mL of DCM was then added and allowed to stir for 10 min,
during which the solution turned colorless due to the formation of
Ag−S−P complex, which completely dissolves under such reaction
conditions. Shortly after that, 500 μL of 0.555 M freshly prepared
NaBH4 solution was added under vigorous stirring and the solution
turned dark brown immediately. After 10−12 h the solution turned
orange, indicating the formation of Ag29(BDT)12 NCs. The as-
prepared NCs were centrifuged at 9000 rpm for 2 min, the
supernatant was discarded, and the pellet was washed several times
with ethanol. The purified NCs were allowed to dry overnight under
vacuum and were then resuspended in DMF for further work.

Synthesis of Ag29(DHLA)12 NCs. Ag29(DHLA)12 NCs were
synthesized according to a previously reported method27 with some
modifications. Briefly, 19 mg of (±)-α-lipoic acid (LA) and 7 mg of
NaBH4 were added in 14 mL of Milli-Q water under vigorous stirring
until LA was dissolved completely. 700 μL of 25 mM AgNO3 was
added to the 14 mL solution, and the solution color changed to
muddy and pale yellow. Next, 10 mg of NaBH4 dissolved in 2 mL of
water was added to the solution and the color changed to brown. The
solution was stirred at 1500 rpm in the dark at room temperature for
4.5 h, and the color changed to orange at the end. The NCs were
stored at 4 °C in the dark for further work. For mass spectrometry
analysis of Ag29(DHLA)12 NCs, NaBH4 and NaOH were replaced by
tetramethylammonium borohydride (TMAB) and ammonium
hydroxide (NH4OH).

15

Ligand Exchange of Ag29(BDT)12 NCs. The ligand exchange of
Ag29(BDT)12 NCs was carried out using different concentrations of
LA. In a typical experiment, different amounts of LA (0 mM, 8.1 mM,
16.2 mM, 32.3 mM, 48.5 mM, and 96.9 mM; all referring to final
concentrations) and 15 mg of NaBH4 were dissolved in 2 mL of water
and were mixed with 1 mL of Ag29(BDT)12(TPP)4 NCs in DMF
solution and allowed to react overnight. The reaction vials were kept
in the dark at room temperature.

Synthesis of Au-Doped Ag29(DHLA)12 NCs. The Au-doped
Ag29(DHLA)12 NCs were synthesized following the literature with
some modifications.50 500 μL of Milli-Q water was added to 1 mL of
freshly prepared Ag29(DHLA)12 NCs in glass bottles, and 30 μL of 1,
5, 10, 15, 20, and 25 mM HAuCl4 was added into the NC solutions
separately. The solutions were vigorously stirred in the dark at room
temperature. After 30 min, 10 μL of 1 mg/mL DHLA and 1 mg of
NaBH4 were added into these seven solutions separately, and the
solutions were stirred for 18 h.

Synthesis of Au-Doped Ag29(BDT)12 NCs. The Au-doped
Ag29(BDT)12 NCs were synthesized following the method reported
by Soldan et al.19 with slight modification. In brief, HAuCl4 stock
solution (23.6 mM) was prepared in methanol and TPP stock
solution (94.4 mM) was prepared in DCM. To 1.5 mL of HAuCl4
stock solution, 2.5 mL of methanol was added and was mixed with
750 μL of TPP stock solution and 250 μL of DCM under vigorous
stirring for 20 min. The color turned turbid white. Then, 14 mg of
AgNO3 was added and allowed to stir for 10 min. Shortly after that,
13.5 μL of BDT was added to the reaction mixture and stirred for 5
min, followed by the addition of 200 mg of TPP during which the
solution turned colorless. Then, 500 μL of 0.555 M freshly prepared
NaBH4 solution was added to the reaction mixture and the solution
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continued to stir overnight protected from direct light. The as-
prepared NCs were centrifuged at 9000 rpm for 2 min, the
supernatant was discarded, and the pellet was washed several times
with methanol. The purified NCs were allowed to dry overnight under
vacuum and were then resuspended in DMF for further work.
Computational Details. All calculations were done using the

Amsterdam Density Functional (ADF) 2017.110 and 2018.105
packages.51 All geometry optimizations (ground and excited state)
were calculated with the generalized gradient approximation (GGA)
BP86 exchange−correlation functional52,53 and a double-ζ (DZ) basis
set. All structures were optimized in the gas phase. Scalar relativistic
effects were included by utilizing the zeroth-order regular
approximation (ZORA).54,55 Any dispersion calculations were
completed by adding the Grimme1 dispersion correction to the
exchange−correlation functional.56,57 The energy and gradient
convergence criteria were tightened to 1 × 10−4 and 1 × 10−3,
respectively, for geometric accuracy. After the initial ground state
geometry optimization, a linear response time-dependent density-
functional theory plus tight binding58 (TDDFT+TB) calculation was
run to obtain vertical (singlet) excitation energies which are then
convolved into the optical absorption spectrum with a Gaussian fit
with a 0.20 eV full width at half-maximum. This method is very
similar to TDDFT; however, it allows us to reach higher energies of
the absorption spectrum at a lower computational cost. After
obtaining the ground state structure and absorption spectrum,
TDDFT excited-state gradients59 were used to optimize the structure
of the first singlet excited state.
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ABSTRACT: 11-Mercaptoundecanoic acid-protected gold nanoclusters
(Au@MUA NCs) were synthesized and investigated as a model to
understand the photoluminescence (PL) properties of water-soluble,
structurally unknown Au NCs. Surface engineering, including ligand exchange
where the length of the alkane chain was changed, ligand conjugation where
the charged terminal carboxyl group of the ligands was blocked, and effects of
external chemical reducing and oxidizing agents, was carried out. PL profiles
were monitored to reveal the impact of surface engineering on the PL. We
found that surface ligands, especially the ligand’s length and ligand
functionalities, play a significant role in the PL properties of Au@MUA
NCs. The results also show interesting properties of these NCs as a tunable
PL sensor.

KEYWORDS: Au nanocluster, water-soluble, ligand engineering, fluorescence, sensor

■ INTRODUCTION

Photoluminescent metal nanoclusters (NCs), especially Au
NCs (core diameter dc < 2 nm), are known for their long
lifetime, large Stoke-shifts, and compatibility with many
biologically motivated experimental scenarios and contribute
to the toolkit of nanoparticles (NPs) used in the field of
biologically motivated nanoscience.1−4 Within the develop-
ment of this topic in recent years, various new methods were
developed for synthesizing such luminescent NCs, in particular
regarding improving their photoluminescence (PL) quantum
yield (PLQY).5 For example, doping was found to be effective
in enhancing the PLQY for a large variety of NCs, including
some silver NCs.6,7 Aggregation-induced emission can
promote the PLQY of Au NCs.8 Au NCs formed inside
protein templates such as bovine serum albumin, lysozyme,
and so forth were found to be highly fluorescent as compared
to many thiolated Au NCs.9−11 Controlling the metal core size,
doping with other metal atoms, and ligand rigidifications were
found as the handle for enhancing the PL of the NCs.5,12

Despite these discoveries, there are several unsolved
fundamental questions with regards to the PL of metal NCs.
One of the most significant issues is the understanding of the
origin of the PL of the Au NCs, mainly referring to which
extent the PL of Au NCs is coming from their metal core
(which is often termed as “kernel”; one also might term it
“bulk” to distinguish it from surface effects, though “bulk” may
not be the appropriate wording for such tiny objects) or from
their surface (note that for some NCs with known structure,

the surface geometry is known, which is formed as a “semi-
ring”1,2 of metal ions of organic ligands). It is widely accepted
that the PL property of NCs (dc ≈ <2 nm) is due to discrete
energy levels by distinctive quantum confinement effects.5 PL
appears when a photo-excited electron relaxes to the ground
state. The emission of Au(I) thiolate complexes was assigned
to a ligand to metal charge transfer (LMCT) from an orbital
associated with the thiolate ligands’ sulfur to the metal-based
orbital.13−15 Jin and Wu also found that the covalent Au−S
bond (in the case of thiolated ligands) has a significant effect
on the electronic structure of Au NCs and results in the
enhancement of fluorescence through the mechanism of
LMCT.16 However, there are also various controversial points.
Aikens proposed the contribution of highest occupied
molecular orbital−lowest unoccupied molecular orbital tran-
sitions involving excitation from core-based superatomic
orbitals.17 Additionally, a recent study of the fluorescence of
NCs supported the viewpoint of kernel-dominated PL
mechanism and elucidated the effect of surface vibrations on
the PLQY of NCs.18 For such studies aiming to unravel details
of the PL mechanism, Au NCs with a known structure are best
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suited. However, regarding applications, high PLQY is of
importance, and this is observed mostly in water-soluble Au
NCs such as Au@MUA,19 Au@BSA,9 Au@LA,20 etc. (MUA:
11-mercaptoundecanoic acid, BSA; bovine serum albumin, LA:
lipoic acid) for which the structures are not solved yet (or
which potentially also might not be based on atomically precise
configuration involving a certain distribution in structure).
Unraveling the precise pathways of PL for such NCs is more
complicated in case the structure is not known, but it is still of
importance to understand the parameters controlling the PL
due to their practical relevance.
In this work, efforts were dedicated to studying the PL

properties of Au NCs by surface engineering, based on a
systematic evaluation of which parameters of the ligand shell
around NPs influence their PL. To address this, Au@MUA
NCs were synthesized, and their MUA-based ligand shell was
systematically varied. Conceptually, each covalently bound
alkane-based ligand (i.e., not chemisorbed/physisorbed) can be
distinguished into three parts. (i) The terminal head group
which forms a covalent bond with the metal surface of the NC,
(ii) the alkane chain, and (iii) the terminal polar end group
pointing toward the solution that provides water-solubility.
Attempts were made to characterize the influence of these
three different parts of ligands on the PL of ligand-protected
NCs. Concerning the head group of the ligands binding to the
NC surface, redox reactions were carried out, which influence

the ligand−metal surface interface, and with this, also the
ligand density. This is important, as it can link toward
fluorescent NCs, which were synthesized in ligand-free
approaches.21 Concerning the alkane chain’s influence, ligand
exchange reactions were carried out to substitute MUA by
similar ligands with a variable length of the hydrocarbon chain.
The length of the hydrocarbon chain, in particular, determines
the distance of the polar head group of the ligands pointing
toward the solution to the metal surface. Finally, the carboxyl
head group of MUA was converted to other polar and
differently charged head groups by conjugation chemistry. In
this way, different surface engineering techniques, such as
ligand exchange, ligand conjugation, and chemically induced
surface oxidation, were carried out, and their effect on the PL
was studied. The chemically induced surface oxidation results
show interesting properties of these NCs as a tunable PL
sensor.

■ RESULTS AND DISCUSSION

Synthesis and Basic Characterization of the Au NCs.
The Au@MUA NCs were synthesized using a reported two-
step method19 with a slight modification. In brief, first,
organophosphorus ligand (tetrakis(hydroxymethyl)-
phosphonium chloride, THPC)-protected Au NPs were
synthesized. Then, in the second step, these Au NPs were
etched by MUA to synthesize the desired Au@MUA NCs. The

Figure 1. (A) UV−vis absorption A(λ) and emission I(λ) spectra (green trace) of Au@MUA NCs. (B) Emission decay I(τ) recorded at λ = 520
nm (solid black line shows fitting curves, details are provided in the Supporting Information), as well as photographs of NC solutions under white
(inset left) and UV light (inset right) excitation. (C) Fluorescence intensity at the maximum wavelength (I at λmax = 510 nm) of Au@MUA NCs
plotted over time during the synthesis. The data points were fitted by a sigmoidal curve.

Table 1. Fluorescence Lifetime Measurements of Au NCs with Different Carbon Chain Lengths Na

N A1 [Cts] τ1 [ns] A2 [Cts] τ2 [ns] A3 [Cts] τ3 [ns] A4 [Cts] τ4 [ns] χ2 (red) τav [ns] λem [nm]

2 15,760 0.103 1566 1.88 1057 13.0 1306 117 1.017 106 515
4 21,600 0.075 1761 1.71 1196 11.5 998 92.3 1.069 78.5 520
6 29,080 0.060 1650 1.75 1002 11.4 859 88.2 1.038 74.3 520
8 17,760 0.092 1949 1.79 1223 12.5 1206 103 1.062 89.7 520
11 22,420 0.088 2168 1.10 740 6.32 181 40.3 1.034 20.0 520

aχ2 refers to the optimization parameter for least squares fitting. The experimental data were fitted with exponential functions (details are
mentioned in the SI) from which these parameters were derived and the intensity average lifetime (τav) values were calculated from this equation
[τav = ∑iAi·τi2/∑iAi·τi].
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size analysis was done by high-resolution transmission electron
microscopy (HRTEM). The physical core diameter was
determined in this way to be dc = 1.8 nm (Figure S1),
which matches well with the report by Huang et al.19 As
expected,19 the as-synthesized Au@MUA NCs show a
characteristic emission spectrum with a peak at 510 nm after
excitation at the absorbance peak of 375 nm (Figure 1A). The
bright PL can additionally be seen from the photograph under
UV lamp excitation, as presented in Figure 1B. The time-
resolved spectroscopy data of Au@MUA NCs presented in
Figure 1B were fitted using exponential functions (details are
in the Supporting Information and Table 1). Four lifetimes
could be extracted from the fit (Table 1), of which three are
relatively shorter (τ1 ∼ 0.103, τ2 ∼ 1.88, and τ3 ∼ 13 ns) and
one is longer (τ4 = 117 ns). In general, for ligand-protected Au
NCs, it is reported that the short lifetime components (τ1−τ3)
originate from the interband transition (d → sp) of Au cores,
whereas the more extended lifetime component (which is τ4
for this case) may correspond to the LMCT transition.5,22−24

Which of the two PL mechanisms dominates in NCs of which
neither the structure nor the precise formula is known is in
general unknown. The NCs are formed in the second synthesis
step after the etching of larger Au NPs (dc ∼ 2.9 nm)19,25 for
which no emission was measurable. The emission features
started to appear in the second synthesis step. Hence, we tried
to understand the second step’s formation kinetics by
monitoring the absorption peak at 375 nm and the PL
intensity at 510 nm. The increase of emission intensity shows a
sigmoidal pattern with a 50% reaction time (t50) of 26.12 h,
which agrees with the time-dependent absorbance increase
(Figure S4). The formation kinetics appeared to be much
slower than silver NCs as synthesized with similar two-step
methods.26 The difference could be related to the use of a hard
reducing agent, sodium borohydride, for the silver NCs.
Effect of the Length of the Carbon Chain of the

Capping Ligands. It is reported that the PL peak maxima of
Au NCs show a blue-shift with the increase in carbon chain
length of the ligand in the second stage of this synthesis, which
is attributed to the decrease in particle size.19 This report
indicates that slow etching by ligands plays a crucial role in the
PL of these NCs.19 Hence, to understand the origin of PL
better, it is essential to investigate the ligands’ role.27 For this
purpose, the original MUA ligands (whereby each MUA
molecule comprises N = 11 carbon atoms) were exchanged
with similar ligands but with a different number of carbon
atoms (N). In detail, a ligand exchange experiment with a
series of (HS−(CH2)N−COOH) ligands (N = 2, 3, 6, 8, cf.
Figure 2A) was carried out by incubating the Au@MUA NCs

with an excess of the new ligand. The intent was to keep the
NCs’ cores intact while only exchanging the surface ligands.
Note that in an early report by Huang et al.,19 a core size
change was noticed during the etching process in the actual
synthesis procedure upon using different ligands, leading to a
change in PL color of the NCs. No significant difference in the
absorption peak position and PL emission wavelength was seen
in the present work. However, tunable changes in PL intensity
were noticed (Figures 2B, S3, and S4). The PL intensity was
found to be most intense for a chain length of N = 8, while it
was the weakest for N = 3. To understand whether the change
in PL is related to aggregation, we performed a size analysis
using different analytical methods (Figure S5). The size
analysis by analytical ultracentrifugation (AUC) shows a slight
change in the hydrodynamic size after ligand exchange (Figure
S5A). However, dynamic light scattering (DLS) data show a
significant increase in size upon ligand exchange, especially for
N = 8 (Figure S5B,C).
To understand whether the increase in size (as observed in

DLS) is due to bigger size particle formation or aggregation of
NCs (i.e., cluster of NCs), transmission electron microscopy
(TEM) images were collected for a representative type of Au
NC after ligand exchange: N = 8. Surprisingly, the average core
diameter dc was found to be 1.2 nm, which is even smaller than
the one of the parent NCs. AUC and TEM are believed to be
the most reliable analytical methods in this context, which
show that the particle size (i.e., dh and dc, respectively) changes
during ligand exchange, which makes it complicated to derive a
correlation between chain length and optical properties from
this experimental design. Interestingly, even after the change in
core-size, there was no change in emission maxima after ligand-
exchange, unlike the case of Huang et al. as mentioned
previously. This indicates less involvement of metal core in
their PL mechanism. The effort of identifying the NCs’
atomicity by mass spectrometry failed, even after purification.
This might be because of their fragile nature28 under the
ionizing conditions used at mass spectrometry, typical for
water-soluble NCs.29 To unravel the effect of carbon chain
length N, the lifetime data (Table 1, Figure S6) were compared
for all Au NCs after ligand-exchange. The results show that
upon variation of N, there were insignificant changes in the
first three components (τ1, τ2, and τ3), but a considerable
difference in τ4 could be observed, which is associated with
LMCT.5,22−24 The trend is somewhat similar to the change in
PL intensity (Figure 2B). The average lifetime (Table 1) shows
an almost linear decrease upon increasing the chain length
(except for N = 8). The QY data (Table S1) also show a
similar trend, that is, with increasing N, the PLQY decreases

Figure 2. (A) Schematic representation of ligand exchange of Au@MUA NCs with a series of (HS−(CH2)N−COOH) ligands with N = 2, 3, 6, 8.
(B) Correlation of the emission wavelength λem, max (black), emission intensity I (red) at λem, max, as well as the longer lifetime component, τ4 (blue)
of the NCs after ligand exchange with the carbon chain length N of the ligands. N = 11 represents the original Au@MUA NCs before ligand
exchange.
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from 4.7% (N = 2) to 0.44% (N = 11). A decrease in N results
in reduced flexibility of the ligands and, therefore, the
percentage of nonradiative transition can be reduced and, in
turn, enhances the PLQY. The relative nonradiative decay rate
constant (KNR) values (details are in the Supporting
Information and Table S1) are in agreement with this
statement. This shows that ligands play an important role in
the fluorescence of these Au@MUA NCs.
Effect of Changing the Charged Terminal Headgroup

(which Points toward Solution) of the Ligands. For
probing the terminal headgroup’s impact pointing toward the
solution on the PL of the NCs, ligand conjugation experiments
were carried out where the original MUA ligands present on
the NC surface were chemically modified. The motivation here
is to elucidate the carboxyl group’s role and surface charge on
the origin of the PL of Au@MUA NCs. 1-Ethyl-3-(3-dimethyl
aminopropyl)carbodiimide (EDC) coupling chemistry was
used to conjugate the amine group of ethylenediamine (EDA)
and 3-(aminopropyl)triphenylphosphonium bromide (3-
ATPB) to the carboxyl group of Au@MUA NCs (Figure
3A). The conjugation of EDA and 3-ATPB was confirmed by
Fourier-transform infrared spectroscopy (Figure S8). The
−CO stretching band of MUA in Au@MUA NCs appears at
1567 cm−1, whereas additional bands at 1642 and 1648 cm−1

corresponds to amide bonds and were seen for the case of
EDA and 3-ATPB conjugated NCs, respectively. It is essential
to mention that the peak at 1567 cm−1 is still visible, which
might be attributed to the fact that the EDC conjugation yield
is not 100%, and hence, residual MUA remains on the NC
surface. The zeta potential measurement in Figure S7B further
confirms the conjugation by reducing the negative potential,
which is due to the decline in the number of free carboxylate
groups. The UV−vis absorption spectra in Figure S7A show a
peak shift and broadening upon ligand conjugation. The

change is more noticeable for Au@MUA-3-ATPB NCs, which
show a redshift of the absorption peak of 2 nm. The broadness
and tail in absorbance at higher wavelengths might correspond
to some aggregation due to the applied harsh purification
process (DLS data presented in Figure S9B). Although, no
100% reaction efficiency can be proven, the results clearly
show the successful modification of a significant part of the
terminal carboxyl groups.
Upon conjugation, drastic quenching in the PL intensity was

noticed for both cases, as revealed in their PL spectra (Figures
3B and S9A). The 2D PL plots (Figure 3B), which were
constructed from a series of emission spectra (Figure S9C)
with variable excitation wavelength, λex, demonstrate their
change (blue-shift) in excitation and emission features for both
conjugated NC cases. The photograph recorded under UV-
lamp excitation shows almost no difference in PL color for the
case of Au@MUA-3-ATPB NCs. The PL quenching in this
case might be associated with the charge of the Au NCs.
Blocking the carboxylate by an amine functionality decreases
the surface charge (Figure S7) considerably, which can
significantly affect the solubility of the NCs, as the carboxylate
groups are the reason for their solubility in alkaline aqueous
solution. In this way, a higher amount of conjugation can lead
to aggregation, which is being evidenced in the DLS data also
(Figure S9B), and thus the PL can be quenched due to
aggregation-induced quenching.

Effect of the Oxidation State of the Au Surface. Since
metal core oxidation states can also partly influence the
LMCT13−15 (more precisely in the case of ligand to metal-
metal charge transfer), further experiments were carried out
using external chemical oxidizing and reducing agents to
understand their effect on the PL property of Au@MUA NCs.
This also impacts the interface where the ligands’ headgroups
(−SH) are binding to the Au surface. Sodium borohydride

Figure 3. (A) Reaction scheme of ligand conjugation between the MUA at the surface of Au NCs and (i) EDA and (ii) 3-ATPB. (B) 2D PL maps
of (i) Au@MUA, (ii) Au@MUA-EDA, and (iii) Au@MUA-3-ATPB NCs. (C) Emission wavelength λem, max (black) and emission intensity I (red)
at the emission maximum of Au@MUA NCs before and after ligand conjugation.
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(NaBH4) and hydrogen peroxide (H2O2) were used as external
reducing and oxidizing agents, respectively. For NaBH4, the
Au@MUA NCs transformed into plasmonic Au NPs, as
evident from their absorption spectra (Figure S10) and TEM
core-size analysis (Figure 4C). The quenching of PL over time
(Figures 4A, S10 and S11) can be explained in the following
way. Case I (at early stage), when NCs are partially converted
to plasmonic NPs: in that case, plasmon-induced quenching is
the dominating mechanism. Case II (at late stage), when all
NCs are converted to plasmonic NPs: then there is no more
molecule-like band gap for fluorescence to occur. For H2O2,
the absorption peak ascended to the higher intensity with a rise
of baseline (which indicates the onset of agglomeration, also
observed in DLS data, Figure S16), but the shape of absorption
is similar to that before oxidation (Figure S12). The
fluorescence intensity decreased over time (Figures 4A, Figure
S13), and a blue-shift of the emission wavelength was observed
in the PL spectra (Figure S13B). The X-ray photoelectron
spectroscopy (XPS) spectra presented in Figures 4B and S14
suggest no relative change in the oxidation state of Au upon
H2O2 addition. However, the decrease in PL intensity might
also be due to some leaching of MUA in oxidized form30 from
the NC surface, resulting in aggregation of the Au@MUA
NCs. Aggregation, in this case, causes quenching in their PL,
that is, aggregation-induced quenching.31 Interestingly, the
NC’s PL can be reverted by adding NaBH4 (Figures 4D and
S15). The recovery of the PL was found to be time- and
concentration-dependent (Figure S15). In this case, the
addition of further NaBH4 helps in reducing the disulfides to
thiols and rebuilding the NCs, which results in PL recovery.
But again, at a higher concentration of NaBH4, a change in
particle core size can affect their PL.

■ CONCLUSIONS

We applied different surface modifications to green-emitting
Au@MUA NCs to understand the dependence of surface-
related parameters on the NCs’ fluorescence properties.
Exchange of the original MUA ligands with ligands of different

carbon chain lengths N shows a change in the PL intensity but
no shift in the emission wavelength. An increase in N enhances
the nonradiative contribution in the NCs, which leads to a
linear decrease in their PLQY, as revealed from the lifetime
data. Conjugation of the charged carboxyl head group of the
ligands leads to PL quenching, which suggests a significant
contribution of the ligand in their PL. Despite not being able
to precisely determine the PL mechanism as it is possible for
NCs with known structure,18 our data provide clear evidence
on the strong involvement of LMCT. The chemically induced
oxidation and reduction suggest that these Au NCs could be
used as a tunable PL sensor.

■ MATERIALS AND METHODS
Materials. 11-Mercaptoundecanoic acid (MUA), tetrakis-

(hydroxymethyl)phosphonium chloride (THPC), sodium hydroxide,
sodium tetraborate, thioglycolic acid (TGA), 3-mercaptopropionic
acid (MPA), 6-mercaptohexanoic acid (MHA), 8-mercaptooctanoic
acid (MOA), sodium borate, EDC, EDA, 3-ATPB, N-hydroxysucci-
nimide, H2O2, and NaBH4 used in this study were purchased from
S igma -A ld r i ch (Merck KGaA , Germany) . Hydrogen
tetrachloroaurate(III) trihydrate (HAuCl4·3H2O) was obtained from
Alfa Aesar (Thermo Fisher (Kandel) GmbH, Germany).

Synthesis of Au@MUA NCs. Au@MUA NCs were prepared by
etching larger size Au NPs using MUA according to the modified
protocol published by Huang et al.19 The Au NPs were synthesized by
reducing HAuCl4·3H2O with tetrakis(hydroxymethyl)phosphonium
chloride (THPC) in alkaline solution. After the storage of Au NPs at
4 °C overnight, MUA stock solution and sodium tetraborate (50 mM,
pH 9.2) was added into the as-synthesized Au NPs to adjust the final
concentration of MUA to 5 mM. Finally, the reaction mixture was
kept in the dark at room temperature for about 72 h, and Au@MUA
NCs were obtained. The NCs were further purified by a centrifugal
filter (6 kDa) and resuspended in sodium borate buffer (SBB, 0.1 M,
pH = 9).

Ligand Exchange of Au@MUA NCs. The ligands used in this
experiment were TGA, MPA, MHA, and MOA. 1.25 mL of Au @
MUA NCs were mixed with 0.25 mL of ligand stock solution (60
mM) from the same n-alkanethiolates family with different carbon
chain lengths under stirring for 2 h. After the ligand exchange process,

Figure 4. (A) Changes in the time-dependent fluorescence intensity (at the maximum wavelength λem,max) during the reaction of Au@MUA NCs
with NaBH4 (green) and H2O2 (red). (B) Comparative Au 4f XPS spectra of Au@MUA NCs before and after the addition of H2O2. (C) HRTEM
image of Au@MUA NCs after the addition of NaBH4. The inset shows the corresponding core diameter (dc) distribution. (D) Photograph
showing the concentration-dependent PL quenching of H2O2 on Au@MUA NCs, which can be reverted by adding NaBH4 (the picture
corresponds to 2 mg NaBH4 and was taken after 2 h).
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most of the excess ligands were removed by centrifugal filtration (6
kDa) and resuspended in SBB (0.1 M, pH = 9).
Ligand Conjugation of Au@MUA NCs. EDC coupling

chemistry was used to conjugate the amine groups of EDA and 3-
ATPB to MUA’s carboxylic acids surrounding the Au NCs. In each
reaction, 1 mg of the as-synthesized Au NCs were mixed with 10 μL
of EDA or 3-ATPB (100 mg/mL), 1 mg of EDC, and 1.5 mg of N-
hydroxysuccinimide. These samples were left to react overnight and
cleaned by centrifuge filters afterward.
External Redox Reaction on Au@MUA NCs. For the redox

reaction, 1 mL of Au@MUA NCs was reacted with different
concentrations of H2O2 and NaBH4. Details of concentrations are
mentioned in the corresponding figure caption.
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ABSTRACT: A laboratory class was developed and evaluated to
illustrate the synthesis of metal nanoclusters (NCs) and to explain
their photoluminescence properties for the case of silver. The
described experiment employs a synthetic protocol that consists of
two sequential phases in a single reaction pot: the reduction of silver
ions into plasmonic silver nanoparticles (NPs) (bottom-up), followed
by etching the formed silver NPs into ultrasmall atomically precise
fluorescent silver NCs (top-down), Ag29(DHLA)12 (DHLA: dihy-
drolipoic acid). UV−vis absorption and fluorescence spectroscopy
were employed as a function of reaction time to confirm the
development of the plasmonic character of silver NPs (reaction
intermediate) and, later on, the onset of fluorescence emission of the
silver NCs (final product). Collectively, this experiment was found to
be simple to carry out, safe, reproducible, and cost-effective, and it
achieved the intended learning outcomes. Participating students found this laboratory class suitable to be implemented into an
upper-division undergraduate or graduate curriculum.

KEYWORDS: Nanotechnology, Physical Chemistry, Materials Science, Upper-Division Undergraduate,
Interdisciplinary/Multidisciplinary, Fluorescence Spectroscopy, Kinetics, Synthesis, UV−Vis Spectroscopy

■ INTRODUCTION

Noble metal nanoparticles (NPs) have shown their tremen-
dous applicability in broad directions of science owing to their
size- and shape-dependent optical properties.1 Nanoclusters
(NCs) are a subset of these materials which bridge the gap
between NPs and atoms.2,3 Because of their ultrasmall size (1−
2 nm), they show unusual optical and photophysical
properties. These NCs may be atomically precise with a
well-defined molecular formula, e.g., Au25(SR)18, Ag29(SR)12
(SR represents the thiolate which acts as the ligand), etc.4−7

More than 100 such NCs are currently known, and extensive
research has already been done to explore their promising
properties and applications.2,3 Over the past few years,
fluorescent NCs became more popular because of their
intrinsic fluorescence properties which can be used in many
biological and sensor-based applications.2,8 While the synthesis
and characterization of metal NPs have appeared in many

chemical education publications,9−17 there are few didactic
reports to transfer the knowledge of NC synthesis, character-
ization, and application. One example in this direction
described a microwave-based synthesis of Au NCs using
proteins as a stabilizing agent.18 Thus, more reports will be
beneficial for students to understand the evolving science of
metal NCs. This would involve educational materials19 in
which students learn to understand the transition between NPs
and NCs. Herein, we adapt a facile synthesis of silver NPs/
NCs that involves two stages during their growth: (1)
formation of silver NPs with plasmonic properties starting
from silver ions (bottom-up), followed by (2) etching of the
formed Ag NPs to form smaller Ag NCs that exhibit bright red
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fluorescence (top-down). Both bottom-up (silver ions to NPs)
and top-down (NPs to smaller NCs) approaches are
demonstrated in the described laboratory class with the
learning opportunity for students to understand the NP/NC
transition as governed by their optical properties (plasmons
versus fluorescence) in a single simple experiment.
In this experiment, fluorescent dihydrolipoic acid (DHLA)

protected silver NCs, Ag29(DHLA)12, are synthesized, and
their growth kinetics is monitored using UV−vis absorption
and fluorescence spectroscopy. These NCs have been
demonstrated in a previous work to be atomically precise,
which means they can be precisely described by a molecular
formula.6 The laboratory class brings emerging research topics
to the undergraduate student, specifically at the upper-division
level, where a student can learn the differences between
plasmonic metal NPs and fluorescent NCs as manifested
during the synthesis of Ag29(DHLA)12 NCs. This laboratory
class can be easily inserted into the inorganic chemistry (in
place of coordination compounds), physical chemistry (to
introduce basic spectroscopy of nanomaterials), and inter-
disciplinary (such as nanoscience or material chemistry)
curricula, as it could be carried out using commonly available
lab instruments, does not require expensive chemicals, and can
be performed in open air. This experiment supports following
specific learning outcomes:

(1) Synthesis of fluorescent NCs
(2) Explaining the bottom-up and top-down approaches
(3) Explaining the differences between plasmonic metal NPs

and fluorescent metal NCs
(4) Describing the growth mechanism of Ag29(DHLA)12

NCs

The validity and applicability of this laboratory experiment
were evaluated at the University of Hamburg, the University of
Duisburg-Essen, and the Hochschule Niederrhein. Various
formative assessments were applied to evaluate the learning
experience and to confirm the achievement of the learning
outcomes. These assessments were in the form of student
feedback, instructor evaluation, and lab reports. Collectively,
the proposed experiment was found to be operationally
straightforward, safe, cost-effective (0.15 €/student; see
Table S2 for details), and reproducible, and it achieved the
intended learning outcomes.

■ EXPERIMENTAL DESIGN

Background Theory

The laboratory class starts with a basic theoretical introduction
(∼45−60 min) to familiarize students with the following
topics:

(1) Introduction of NCs (highlighting the differences in
properties and size of NCs from bulk and NPs as
demonstrated in Figure S1, see the Supporting
Information (SI) for more information)

(2) Introduction of the bottom-up and top-down ap-
proaches in nanomaterial synthesis

(3) Synthesis of NCs using a solution-based method
(demonstration of proper pipetting, highlighting the
redox chemistry involved, metal−ligand interactions; see
the SI for more information)

(4) Fluorescence and absorption spectroscopy
(5) Growth kinetics of NCs (t50 calculation)

All students found this introduction to be helpful in
understanding the major concepts behind this class.
Synthesis of Silver Nanoclusters

The synthesis of the Ag NCs is adapted from that of Adhikari
et al.20 with minor modifications. Instructors were asked to
prepare silver nitrate (AgNO3) stock solution, as well as
sodium borohydride (NaBH4) and lipoic acid (LA) in solid
form prior to experiments. A detailed stepwise protocol is
provided in the SI. In brief, the synthesis of the bright red
emissive Ag29(DHLA)12 NCs was initiated by mixing the silver
precursor and DHLA together, which was then followed by the
subsequent addition of the reducing agent. The details of the
kinetics experiment are included in the instructor lab manual in
the SI.

■ HAZARDS
Gloves, goggles, and laboratory coats should be worn. Brief
exposure of AgNO3 may not produce any immediate side
effects other than brown or black stains on the skin, but more
extended exposure might have side effects like skin burns and
eye irritation. LA can be harmful by inhalation, ingestion, or
skin absorption. NaBH4 can be harmful by inhalation,
ingestion, or skin absorption. Suitable labeled waste containers
for disposing the residual AgNO3, lipoic acid, and NaBH4
should be made available. Despite some reports in which
biocompatibility of silver NCs has been claimed,21,22 it is
highly recommended to avoid direct contact with the reaction
mixtures prepared during the experiment.

■ RESULTS AND DISCUSSION

Synthesis of Ag29(DHLA)12 NCs

The NC synthesis follows a multistage route as demonstrated
in Figure 1. Step I is the reduction of LA to its dithiol form,

DHLA, using NaBH4. Step II is the formation of thiolates as
soon as the silver precursor is being added to DHLA. Step III
is the reduction of silver thiolates and the subsequent
formation of Ag NPs through a bottom-up approach. In step
IV, these Ag NPs transform to Ag29(DHLA)12 NCs over time
via the ligand-induced etching process.
All of the students (N = 42) have successfully synthesized

the NCs in their experiments, demonstrating good reprodu-
cibility of this synthesis route. This is an essential requirement
for a laboratory protocol. A series of gradual color changes
from light yellow to deep brown (a bottom-up process) to
orange-red (top-down process) as well as time-dependent
changes in the fluorescence intensity and the hydrodynamic
diameter occurring during the synthesis are presented in
Figures 2−5. Students found this highly exciting, and the
possibility of this direct observation by the naked eye can

Figure 1. Scheme of the Ag29(DHLA)12 NCs synthesis route. The
multistage synthesis route of Ag NCs combines both the bottom-up
(I−III) and the top-down (III−IV) synthesis methods.
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clearly help to visualize the differences in each transition (from
thiolates to NPs to NCs).
At the initial stage, the reduction of LA to DHLA is

significant for the synthesis of the NCs. The reducing agent in
the form of NaBH4 breaks the disulfide bond (Scheme S1 in
the SI) in LA, which is essential for strong coordination with
silver. NaBH4 strongly reacts with water, leading to borate salt,
so its solution should be freshly prepared. Ideally, the glass vial
in which the synthesis is carried out would be wrapped in
aluminum foil to avoid the light-induced oxidation of silver, as
this would affect growth kinetics. During the lab classes, it was
seen that a short time exposure of light (3−4 h; i.e., without
covering the solution with aluminum foil) also reliably yielded
the NCs as presented in Figure 2, but it affected the kinetics of
NC formation. This can be used as a discussion point with the
students explaining the influence of potential sources of

experimental error on the experimental result, for example, the
light-sensitive redox chemistry of Ag, which could alter the
growth kinetics of NC.

Real-Time Spectroscopic Observation of Bottom-Up and
Top-Down Style Reactions

Since Ag29(DHLA)12 NCs have unique absorption features, it
is straightforward to monitor their growth by recording their
absorption spectra. The absorption spectra change first from
featureless (due to molecular thiolates) to a broad plasmonic
peak (centered at 460 nm, due to bigger plasmonic NPs),
which is the bottom-up part of this synthesis. Then, gradually
these larger NPs dissolve into smaller NCs (which is the top-
down part) with molecule-like absorption features with three
intense bands at 320, 425, and 500 nm. These are the
characteristic peaks for Ag29(DHLA)12 NCs (Figure 5).

6 After

Figure 2. Time-dependent photographs of Ag29(DHLA)12 NC synthesis, showing the gradual change of solution color from light yellow to deep
brown to orange-red upon formation of the NCs.

Figure 3. Time-dependent photographs of Ag29(DHLA)12 NC synthesis, showing the gradual change of solution color (upper panel) under white
light as well as the development of red fluorescence under UV-light illumination (lower panel).

Figure 4. Time-dependent change in hydrodynamic diameter during the synthesis of Ag29(DHLA)12 NCs. (A) DLS intensity size distribution
spectra and (B) size distribution curve as a function of reaction time.
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their first appearance (∼1.5 h), the absorbance values of these
three peaks are increased up to reaction times of 4.5 h (Figure
5A) due to more and more NC formation, as absorbance is
directly related to the concentration of the NCs.
The synthesis was completed after around 4.5 h, as no

further increase in absorbance was seen after this time. Proper
pipetting is very crucial, and each time cuvettes must be
appropriately cleaned to get the accurate data points for the
growth kinetics.
The prepared Ag29(DHLA)12 NCs had intrinsic red

fluorescence (visible under illumination with a UV lamp,
Figure 5B, inset), which can easily be monitored by
fluorescence spectroscopy (with excitation at 425 nm). At an
early stage of the reaction, first larger Ag NPs are formed
following the “bottom-up” synthesis route, and these are
nonfluorescent in nature. Thus, fluorescence intensity is
negligible at this stage. However, as soon as NCs are formed
following the “top-down” synthesis route from the bigger NPs,
an emission peak centered at ∼660 nm starts to emerge, and a
drastic increase in intensity is observed as the reaction
proceeds (Figure 5B). These unique growth kinetic results
can easily be studied by collecting the intensity values from
each fluorescence spectrum at different time points. A plot of
fluorescence intensity versus time shows a sigmoidal curve as
demonstrated in Figure 6. The half time taken for this NC
growth (t50) can be calculated from this plot after a sigmoidal
(Boltzmann) fit. The average value of t50 was obtained as 2.1 ±
0.6 h on the basis of the results from 42 individual students’
reports (the error bar used here is based on each student’s
individual t50 calculation). Some of them are presented in the
SI, Figures S3−S6.
Formative Assessment and Achieved Learning Outcomes

All the participating students were asked to submit a laboratory
protocol report and a homework assignment (a standard
format for both is given in SI). The evaluation was conducted
using participating students’ laboratory reports, homework,
and short interviews which were used to assess the achieve-
ment of the intended learning outcomes (ILOs) and the
validity of this laboratory class. Combined analysis of the
conducted formative assessment confirmed the achievement of
ILOs, as compiled in Table S1.

Observed Deviations and Difficulties

The NC synthesis was found to work smoothly. However, care
must be taken in pipetting, and in the preparation of the

NaBH4 solutions. The quality and purity of chemicals may
affect the growth kinetics data (Table S2 in SI indicates the
used suppliers and product codes for each chemical used in
this work to disclose the purity/grade of each chemical).
Students should be adequately instructed that NaBH4 solution
must be freshly prepared (Milli-Q water should be added just
prior to that particular step). Sigmoidal Boltzmann fitting in
Origin (see the SI) should only be followed for the kinetics
and t50 calculations. Exposure to light during the synthesis can
affect both reactants (photoreduction/photo-oxidation may
alter the t50 value) as well as the yield of product NCs
(photodecomposition which is observed in many silver NPs10).
Using other fitting equations might affect the t50 calculation.
Cuvettes must be cleaned properly for accurate measurement
of the kinetics.

■ CONCLUSION
In summary, we have developed a laboratory class for the
undergraduate curriculum on the synthesis of fluorescent silver
NCs. Concepts of different nanosystems, understanding top-
down and bottom-up approaches, fluorescence, and chemical
reduction of noble metals are key outcomes for students which
can easily be correlated with the underlying theory. Students

Figure 5. Demonstration of the real-time growth of Ag29(DHLA)12 NCs in terms of absorbance (A(λ)) and fluorescence spectra (I(λ)). The
intermediate features in the absorption spectra are correlated with the structures mentioned in Figure 1 (I, II, III, and IV). The growth started from
thiolates (II) to bigger NPs (III) to NCs (IV), resulting finally in a highly red fluorescent solution under illumination with a UV lamp (inset of B).

Figure 6. Fluorescence intensity of Ag29(DHLA)12 NCs as recorded
at λ = 660 nm (which corresponds to the emission maximum) plotted
versus the reaction time. The data points were then fitted (details can
be found in SI and Figure S2) with a sigmoidal curve to calculate the
t50 for the synthesis.
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found this lab course to be informative, interesting (especially
the bright fluorescence color of the NCs and their growth
mechanism), and enjoyable. Instructors from all participating
institutions found this laboratory class to be reproducible, safe,
easy to handle, and cost-effective. Overall, the laboratory class
will enrich students’ knowledge about the fascinating
Ag29(DHLA)12 NCs, the synthesis of which can easily be
incorporated in many chemistry and interdisciplinary curricula.
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ABSTRACT: X-ray-based analytics are routinely applied in
many fields, including physics, chemistry, materials science, and
engineering. The full potential of such techniques in the life
sciences and medicine, however, has not yet been fully
exploited. We highlight current and upcoming advances in
this direction. We describe different X-ray-based methodologies
(including those performed at synchrotron light sources and
X‑ray free-electron lasers) and their potentials for application to
investigate the nano−bio interface. The discussion is predom-
inantly guided by asking how such methods could better help to
understand and to improve nanoparticle-based drug delivery,
though the concepts also apply to nano−bio interactions in
general. We discuss current limitations and how they might be overcome, particularly for future use in vivo.
KEYWORDS: nano−bio interface, X-ray techniques, synchrotron radiation, imaging, nanoparticles, delivery, degradation, spectroscopy

Several drugs on the market consist of more than just a
homogeneous pill for oral delivery or the injection of a
solution for intravenous administration, but are

intrinsically heterogeneous, comprising multiple compounds.
In the case of nanoparticle (NP)-based drugs, they usually
involve a particulate delivery vehicle and a pharmaceutically
active compound, which is to be delivered to and released at
the target site. This concept reaches back decades,1 well
before the actual term “nanomedicine”, under which such
NP-based drugs nowadays are referred, was coined. Examples
include Abraxane, where the pharmaceutical therapeutic

paclitaxel is delivered via protein carriers,2 or Doxil, where

doxorubicin (DOX) is delivered via liposomes.3 However,

before reaching acceptance for clinical use, such NP-based
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systems (as with any drug) have to undergo rigorous clinical
trials. Apart from probing the biological effects of the drug
(i.e., pharmacodynamics), testing also involves character-
ization of the drug itself and the NP vehicle, specifically, its
pharmacokinetics.
Independent of the route of administration (e.g., oral,

intravenous, etc.), drugs are formulated with numerous
pharmaceutical excipients to ensure the desired pharmaco-
logical function. Conventionally, absorption enhancers,
emulsifiers, diluents, preservatives, solvents, sustained release
matrices, etc., are used to shape the pharmacokinetic profile of
a drug.4 At the dawn of nanotechnology, novel and
fascinating opportunities for drug formulations emerge. For
instance, it has been demonstrated that the therapeutic
window of approved drugs will dramatically expand, if
dissipated into a nanocrystalline formulation.5 Far beyond
established methodologies, nanotechnology enhances the
targeted delivery and controlled release onto the cellular
and even subcellular levels, hence emulating fundamental
biological mechanisms, such as cell−cell or cell-messenger
interactions. Albeit much more sophisticated, nanoformula-
tions have to meet the same regulatory requirements of
pharmacovigilance as conventional drugs with respect to
effectiveness, efficacy, safety, and benefit.6 However, due to
the cardinal differences compared to conventional drugs,
improved methods are urgently needed to monitor the
adsorption, distribution, metabolism, excretion-toxicity
(ADME-T) profile of a NP-based drug.

Figure 1 depicts a scenario in which a hypothetical patient
is being treated with an intravenously injected NP-based
drug. We describe the NP-based drug with a model system
composed of the NP carrier matrix/vehicle, which is modified
on its surface with a coating that provides colloidal stability,
could help to minimize immune response, and might also
carry targeting ligands, and an encapsulated or appended
pharmaceutical compound.7,8 However, such a NP-based
drug is not a static assembly and, after its administration to
the human body, may undergo changes in composition.9 The
fate of the NP-based drug over time thus becomes an
important consideration. As expected, initially, a part of the
NP-based drugs will be cleared from circulation by the
immune system and end up in the liver and spleen, while
some fraction will arrive at the actual target site, such as a
tumor.10,11 On the route to reach the target site, however,
there are several scenarios that can render delivery less
efficient. For example, the surfaces of NP-based drugs may be
overcoated due to the formation of a protein corona12 or may
suffer enzymatic degradation of their targeting moieties.9

Ultimately, these surface changes may worsen the capability
of the NP-based drug to achieve active targeting, which
depends on ligand density.13 If all targeting ligands are
cleaved, there will no longer be active targeting. Even partial
cleavage may have dramatic effects on targeting, if multivalent
interactions play roles in target recognition.14 Furthermore,
degradation of the surface coating15 may also lead to the
agglomeration of the carrier NPs and thus potentially induce
clogging of the blood vessels.16 Besides agglomeration,

Figure 1. (a) Sketch of a hypothetical scenario in which nanoparticle (NP)-based drugs are administered intravenously for the purpose of
cancer treatment. (b) In leaky tumor tissue, some NP-based drugs may be retained by passive targeting.10,11 But do these drugs penetrate
effectively into the tumor tissue or remain at the tumor surface? (c) Fluorescently labeled NP-based drugs can be imaged in vivo in
animal models, but spatial resolution is typically too low and does not allow conclusions about the distribution of the NPs in the tumor
tissue. Reprinted with permission from ref 13 under a CC BY-NC-ND 4.0 International License. Copyright 2016 Nature Research. (d)
Inside the human body, the NP-based drugs, comprising a NP carrier/vehicle (gray), an organic surface coating including ligands for
targeting (green), the drug to be delivered (red), and a corona of adsorbed proteins (blue) may degrade, which can completely change
the NP properties. (e) Example of in vitro degradation of a model for a NP-based drug after endocytosis by cells. Here, the NP-based
model drug used can be identified in different compartments by their fluorescence (shown in false colors in the overlay of different
fluorescence channels): CdSe/ZnS quantum dots (QDs) (purple) as NP carriers, ATTO-labeled polymer shell around the QDs (green),
representing the ligands on the NP surface, and preadsorbed Cy7-labeled proteins (red) symbolizing a drug to be delivered. As shown in
the image, after exposure, the location of the different compounds of the NP-based model drug can be mapped by fluorescence imaging.
Data from Carrillo-Carrion et al. demonstrate that the three components of the NP (QD core, polymer shell, protein corona) disintegrate
over time, as colocalization is partly lost.17 However, fluorescence imaging is not ideal to follow all the different parts of the NP-based
drugs. For example, Cd ions released from the CdSe/Zn core cannot be directly imaged based on fluorescence. Reprinted with
permission from ref 17. Copyright 2019 American Chemical Society.
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degradation can lead to significantly altered chemical surface
structures with respect to polarity or charge. These changes,
in turn, will impact in the biodistribution of a NP-based drug
by altering its solubility, ability for serum protein binding,
and membrane permeability. Finally, degradation of the
carrier NP vehicle in the blood may also lead to the loss of
the pharmaceutical compound before it actually reaches the
target site. In this case, there would be no biological effects as
a result of treatment with the NP-based drug, as only the
empty NP carrier, but not the embedded pharmaceutical
compound, would reach the target site. Thus, as different
parts of NP-based drugs degrade over time, following in vivo
the fate of their individual components is important to
understand what is exactly delivered to the target site. Equally
important is understanding the efficacy of the targeting
strategy chosen to enrich the NP-based drug in its target and
the delivery efficiency of the drug from the NP carrier once it
has reached it. Again, if the intact NP carrier is not capable of
accumulating in the areas that need to be treated (e.g., organs
or tumors), or the embedded therapeutic drug cannot be
released when required, the overall therapeutic activity will be
compromised.
Moreover, once at the target site, NP-based drugs need to

penetrate into the tissue and typically get internalized by cells
(usually through endosomal pathways), where the pharma-
ceutical component is supposed to be released into the
cytosol. Therefore, targeted drug delivery and controlled drug
release represent important parts of drug delivery. Keeping in
mind that only a small fraction of the drug or the NP carrier
will reach the target and that the drug may cause side effects
in other organs, ensuring stable encapsulation that only
releases the toxic drug/pharmaceutical agent at the target site
would be advantageous. Following this approach, the drug
would be released from the NP carrier once the carrier
reaches the target tissue, and thus the therapeutic effect
would be limited to the immediate vicinity of the target cells,
with maximum efficacy. Several strategies have been
developed for controlled release, including site-activated
release, for example, based on environment sensing
mechanisms or by triggering heat dissipation from magnetic
NPs embedded in liposomes. For environment-sensing drug
release, several approaches based on pH-dependent release
have been reported, premised on the observation that pH
levels can be different in pathological (e.g., inflamed or
infected) tissues or cells. Lipid structures can be made
responsive to pH changes, so they are ideal for environment-
sensing delivery systems, both for extracellular as well as
intracellular release. To understand the release of the
pharmacological agent from the NP carrier vehicle, the
localization of each of the components needs to be mapped
with subcellular resolution. The localization and trans-
formations of the different units of the NP-based drug are
important for its biological activity. For example, pharma-
ceutical compounds can lead to completely different cellular
effects depending on their intracellular location (e.g.,
therapeutic agents acting at the mRNA level would be
ineffective if they are confined to endosomes/lysosomes and
not released to the cytosol, where the mRNA is located).18

Also, metal cores (e.g., for NP carrier vehicles) may undergo
a variety of transformations once internalized by cells/tissue,
which might be vital to understanding the activity or
potential risks of NP-based drugs due to NP-induced toxicity
(e.g., release of Ag+ when using Ag-based carriers).19−24 Thus,

in order to understand the effects of NP-based drugs,
biological responses need to be correlated to the intracellular
locations,25 speciation, and behavior of the different
compounds of the NP-based drug.
However, it is difficult to obtain information about the

structural rearrangements in the delivery system while in a
liquid environment. Small-angle X-ray scattering (SAXS) has
been used to study these processes and is now an essential
tool to gather information and to fine-tune lipid drug release
systems.26−29 Alternatively, drugs can be released from
liposomes that incorporate sphingomyelin in their mem-
branes. If such sphingomyelin-liposomes are in contact with
the enzyme sphingomyelinase (expressed by stressed cells in
tumors or inflammatory tissue), the lipid molecule is broken
down into its constituents, ceramide and phosphorylcholine.
These molecules no longer have an optimal fit, so the
liposome membrane becomes more permeable, and the
contents of the liposomes are released. X-ray-based
techniques can be used to study these microdomain changes
for optimized drug release. External activation methods using
magnetic fields have also been developed as an additional
means of controlled drug release.30 Here, ferric NP-
containing liposomes are used. Once enough drug carriers
have accumulated at the target site, an external alternating
magnetic field is directed at the desired location and
membrane disruption induced from local heating or by
mechanical actuation results in a leaky liposome membrane
and subsequent drug release. The synergistic effect of the
enzyme and the applied magnetic field induces a more potent
and selective release than a single approach alone.31,32 Again,
for the selection of optimized ferric NPs and monitoring
conformal changes leading to the release of the drug, X-ray-
based analyses are most valuable. In order to study the
process, different markers can be attached to the carrier (to
monitor delivery) and the drug (to monitor release).
The examples presented here illustrate the potential of NP

carriers with mechanisms for controlled release. Related
alternative approaches have been reviewed recently.33 The
development of improved luminescent NPs is of interest for
targeted drug delivery as well. Photoactive NPs that respond
to near-infrared (NIR) excitation could be used for spatially
targeted delivery, as NIR light penetrates tissue to greater
depths than shorter wavelengths with considerably less
phototoxicity.34,35 Upconverting NPs (UCNPs) make use of
energy-transfer upconversion between neighboring lanthanide
ions to convert tissue-penetrating NIR light efficiently to
visible or UV light. Targeted UCNPs can be used to release
therapeutics through UV-based uncaging strategies, creating
highly localized light sources of wavelengths that might
otherwise be cytotoxic.36−38 The stable optical response of
these NPs also enables extended tracking39,40 as well as
sensitive detection of cellular fluctuations in response to
temperature and pressure.41−43 Moreover, UCNPs have been
shown to excite retinal opsins to endow mice with NIR
vision44 as well as to power optogenetic switches in awake
mouse brains,45 suggesting that even more complex
therapeutic strategies are possible with these NIR-responsive
NPs. For each of these NP-based approaches, understanding
the fate of NP-based drugs in biological organisms is of vital
importance to improve their potential medical applications.
All of these aspects require efficient imaging or

spectroscopic tools to study the behavior of NP-based
drugs in situ in biological environments or whole biological
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samples such as small animals, allowing direct detection of
the different components of the NP-based drugs (to
overcome the loss of information as a result of their
degradation) and, more importantly, providing high spatial
resolution. In mapping the fate of NPs, it is desirable to
access different size scales, ranging from subcellular resolution
to full organisms (i.e., humans or small animals). Therefore, if
a single analytical technique is to be used, it should be
capable of changing magnification, to provide optimal spatial
resolution according to the requirements of the sample to be
analyzed.
The functionalization of NP surfaces is critical for targeting

therapeutics to organs and cells of interest and for minimizing
toxicity and off-target effects. Intrinsically hydrophobic NPs
must be transformed into being hydrophilic by surface

functionalization, and this combination of aqueous surface
passivation and biomolecule targeting determines the
interactions of the NPs with living systems. While many
NP−biomolecule complexes have been assembled by non-
specific or reversible linkages, the challenge of maintaining
the stability of these complexes within tissue has spawned a
number of bioconjugation strategies to attach proteins and
organic ligands covalently to NP surfaces, with controlled
stoichiometry.46−50 Identifying a suitable labeling approach
for deciphering the degradation processes occurring in the
NP-coatings while keeping the efficiency of targeting or
delivery of the drug is not straightforward. The label needs to
be stable (to limit degradation throughout the course of the
study) and detectable with analytical techniques of high
sensitivity and resolution. But most of all, it needs to be

Table 1. List of Current Techniques Commonly Used to Study the Biodistribution or Fate of Nanoparticle (NP)-Drugs in
Biological Samples
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modular, in the sense that it should allow chemoselective
conjugation to the region of interest, for example, by
immobilization on metallic NPs or covalently linked to
organic coatings on the surface of the NPs (which helps to
understand degradation and targeting) or to the drug
embedded (which provides vital information about delivery
to the target).51 In this context, bifunctional metal chelators
such as 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic
acid and its derivatives enable the introduction of various
labels as tracers into the coating of NPs and may thus be
used for detailed analysis of degradation processes.52 This
includes radiolabels compatible with positron emission
tomography (PET) or single photon emission computed
tomography (SPECT) imaging,53 nonradioactive heavy
metals compatible with magnetic resonance imaging (MRI)
and NIR fluorescence, or elemental labels with high contrast
in inductively coupled plasma mass spectrometry (ICP-MS)
and X-ray detection (such as X-ray fluorescence imaging,
XFI).54−57 Nevertheless, any modification of the structure of
a drug might alter its therapeutic activity and biological
behavior, an important consideration that must be under-
stood and considered before deciding upon one or more
labels.
In addition to using NPs alone as drug delivery vehicles, it

is also possible to integrate NPs within different types of
materials or as components of gels. Integration of NPs within
hydrogels allows improving the mechanical, biological, and
chemical properties of the material. One example of this
strategy is the integration of nanosilicates, such as Laponite,
within polymers that form shear-thinning hydrogels. Such
nanosilicates have charge distributions that allow them to
interact with gelatin polymers by electrostatic interactions
forming bonds that can be broken upon application of force.
The incorporation of Laponite within gelatin has been shown
to form hydrogels that can be used for various regenerative
applications as well as medical devices for embolization.58

These hydrogels have shown great potential; one advantage is
their ability to be delivered through catheters and utilized in
minimally invasive manners. Unfortunately, some of these
materials are not radio-opaque by themselves. In such cases,
the addition of contrast agents such as tantalum can make
these hydrogels visible to X-rays and thus suitable for
computed tomography (CT) scans and other X-ray
techniques. Integration of nanomaterials with non-invasive
imaging approaches provides opportunities to address a
number of issues such as internal bleeding, aneurysms, and
other medical problems. Ultimately in situ and in vivo
analyses will be most valuable.
While with current technologies, in situ analyses in humans

are not yet feasible, we discuss in this Review current
developments toward this goal and obstacles still to be
solved. We start first with a description of the state-of-the-art
techniques, followed by a forward-looking analysis of the
possible improvements in the near term.

SELECTED CURRENT TECHNIQUES TO STUDY
NANOPARTICLE-BASED DRUGS IN BIOLOGICAL
ENVIRONMENTS
Over the past century, analytical chemistry has developed a
large set of methodologies for the detection of molecular
species in biological settings (Table 1). From samples of
body fluids, in particular blood and urine, degradation and
clearance of the different components of a drug can be

tracked, using, for example, mass spectrometry (MS).59−62

Though not in situ, body fluids can be extracted at different
time points from the organism, providing important details
on the pharmacokinetics of drugs. However, as detection is
performed in blood, urine, etc., spatial resolution is lost. This
strategy results in it not being possible to know the
concentrations of drugs and their metabolites in the specific
organs where a drug is being degraded. Often, to acquire
spatial information, animals must be sacrificed, and analytics
performed ex vivo on the dissected pieces, which is essentially
the opposite of in situ detection. Still, MS is a convenient
technique to record the biodistribution of drugs ex vivo.
Different components of NPs and loaded pharmaceutical
agents can be labeled to enable element-specific detection
with ICP-MS,52,63 and different organic ligands and
pharmaceutical compounds can also be directly detected by
MS.64 This strategy has been applied in models of NP-based
drugs, in which biodistributions of metal-containing NPs have
been recorded ex vivo.15,65,66 Recent progress now also allows
applying MS in vivo, by using picosecond-infrared-lasers
(PIRL) for scar-free minimally invasive surgery and MS
analyses of the ablated tissue.67,68 This advance has led to the
development of MS microscopes.69,70 While MS microscopes
enable detailed analyses of molecular species, and thus
imaging of the different parts of NP-based drugs, in situ-in
vivo analyses of NP-based drugs deep inside tissue remain
complicated. For example, it is straightforward to probe the
NPs with the surface region of tissue fragments using PIRL-
coupled MS methods, but reaching tumors deep inside a
tissue with the laser, followed by in situ extraction of tissue
fragments for mass spectrometry analyses (of the presence of
NPs), has not thus far been demonstrated.
Alternatively, electron microscopy (EM) techniques such as

transmission electron microscopy (TEM) and scanning
electron microscopy (SEM) allow imaging cells with
extremely high resolution. Moreover, experimental ap-
proaches such as cryo-electron tomography coupled with
focused ion-beam milling provide three-dimensional (3D)
images of organelles and large protein structures inside
cells.71−73 While the development of liquid-phase supports
for EM allows studying samples over time in biologically
relevant environments,74 it is not yet clear whether imaging
live cells will be possible.75−77 Finally, EM techniques also
permit direct detection of metals with adequate sensitivity
through spectroscopic methods such as energy dispersive X-
ray analysis (EDX) and electron energy loss spectroscopy
(EELS).63 However, EM is not capable of imaging deep
inside tissues and cells. Although it can be possible to image
thin parts of intact whole cells (i.e., 500 nm) using cryoEM
(at a voltage of 300 kV), EM traditionally requires extensive
sample preparation (mostly using thin sections of fixed cells),
making in situ usage impossible.
Visualization of NP-based drugs can be accomplished in

situ via different standard medical imaging techniques. A
comprehensive overview of techniques suitable for imaging of
NP carriers is beyond the scope of this Review, but a number
of relevant recent reviews can be recommended.78,79 In
particular, MRI and PET/SPECT enable performing analyses
on small animals and humans. Both PET and SPECT require
radio-labeling of the different NP components with different
radioactive traces (e.g., one for the pharmaceutical agent and
one for the matrix of the carrier vehicle) in order to follow
the fates of the different entities by performing different
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(multiplexed) imaging experiments. Imaging deep inside
tissue in vivo is possible, but spatial resolution is limited.
Nevertheless, only information about the location of the
radio-labeled compounds can be obtained, but not about
their molecular state (e.g., 64Cu or 64Cu2+ cannot be
distinguished, excluding for example the identification of
changes in the surface chemistry of Cu NPs). Imaging deep
inside tissue with up to near-cellular-level resolution (below
10 μm) can be achieved with MRI.80−82 Element-based MRI
diagnostics (e.g., Gd3+, Mn2+)83,84 and NP-based MRI
diagnostics (e.g., MnO, Fe3O4)

85,86 can avoid the use of
radioactive elements and have been used to monitor signal
changes of NPs within tumor mass. By using functional MRI,
local chemical information can be provided in some cases.87

Multiplexed imaging is possible by using different elements
(1H, 13C, 19F, etc.). However, the diagnostic outcome of MRI
is also closely dependent on the resolution of MRI
equipment. In addition, there can be nonlinear signal
responses to concentration of agent and endogenous changes
in contrast that can create uncertainty in the measurements,
and signal intensity and imaging resolution are not yet
sufficient to reach subcellular levels.88

While scarcely used in clinics, optical imaging (fluorescence
and bioluminescence) is one of the most commonly used
imaging techniques in preclinical settings, in particular for in
vitro imaging of cell/tissues (both fixed or live) and for in
vivo imaging of small animals, due to its low cost, rapid
throughput, and multiplexing ability. However, we note that
it is not highly accurate for determining biodistribution.
Other than the localization of fluorescently labeled mole-
cules/structures, it can also provide information about the
local microenvironment by using analyte-sensitive fluoro-
phores.89 Multifunctional NPs have been developed as
biocompatible probes of external stimuli, such as force
sensors. For example, ceramic NPs doped with lanthanide
ions have been widely used as temperature, electric field, and
pressure sensors for MRI (with gadolinium) and for
biomarker detection using their upconversion.90,91 In
principle, fluorescence imaging is also possible in humans,
though there are many limitations, primarily that it is limited
to imaging structures <1 cm from an endothelial surface.92

Fluorescence allows tracking of pharmaceutical agents and
NP carriers by measuring organ distribution and subcellular
localization. Commonly used NIR fluorophores (e.g., IR780,
chlorin e6) enable monitoring the changes of NP-based drugs
in tumors over time and can also be combined with
photothermal or photodynamic therapy to integrate cancer
diagnosis and treatment.93−95 The above-mentioned lantha-
nide dopants, besides facilitating upconversion (i.e., when
irradiated with NIR light, emitting in the visible), can also be
used as markers for X-ray fluorescence or nanoscintillator-
driven photodynamic therapies.96−98

Fluorescence can be detected with spatial resolution (i.e.,
recording images) down to the level of single molecules and
also with temporal resolution (i.e., enabling fluctuation-based
correlation analyses such as fluorescence correlation spec-
troscopy, or in combination with spatial resolution, enabling
the recording of movies). Although the standard diffraction-
based resolution limit of light is a few hundreds of
nanometers, super-resolution and near-field approaches have
pushed recordings to spot sizes of only a few nanome-
ters.99−102 Exceptional spectral resolution permits a multi-
plexed recording of the fluorescence originating from

different fluorophores,17 see Figure 2. Finally, changes in
the local environment of the imaged drug can also be

detected, both qualitatively and quantitatively, by using
analyte-sensitive reporter fluorophores. The use of fluores-
cence-based analytics is therefore a powerful methodology,
but not without its practical limitations. Maybe the greatest
obstacle for its use in many “real” samples is light scattering,
see Figure 3.
For fluorescence measurements, a fluorophore needs to be

optically excited, and the resulting fluorescent emission needs

Figure 2. (a) Spatial resolution allows recording monochromatic
images, such as the distribution I(x,y) of one type of fluorophore
within one cell. (b) Temporal resolution allows recording
intensity fluctuations I(t) at one point, which with correlation
analysis enables diffusion measurements of fluorophores. (c)
Spectral resolution permits discrimination of the fluorescence
I(λ) of fluorophores emitting at different wavelengths, λ. (d)
Spatial and temporal resolution taken together allow recording of
monochromatic movies, such as the movement of one type of
fluorophores within one cell. (e) Spatial and spectral resolution
taken together allow recording multicolor images, such as the
distribution of different fluorophores in one cell. (f) Temporal
and spectral resolution together enable multiplexed recording of
intensity variations of multiple fluorophores. (g) Taking spatial,
temporal, and spectral resolution together makes it possible to
record multicolor movies, such as recording the movement of
multiple different fluorophores in one cell.

Figure 3. (a) Visible light can be focused to a fluorophore. (b) In
the case of scatterers in the path, the focus is diffused, limiting
spatial resolution as well as the intensity that arrives at the
fluorophore. (c) In case wavelengths are used at which no
scattering occurs with the intermediate material, the illumination
path would remain unaffected.
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to be recorded with a detector. To achieve spatial resolution
and to maximize the excitation probability, the stimulating
radiation should be focused as tightly as possible to the
position of the fluorophore (see Figure 3a). However, in
many “real” samples, the incoming beam encounters obstacles
in the form of light scattering. This scattering limits focus,
leading to reductions in the spatial resolution and effective
excitation probability at the target (see Figure 3b). Consider
the fluorescence of a fluorophore in water versus milk. It is
relatively simple to record the emission of a standard
fluorophore in water; however, milk is an emulsion and
scatters light, thereby appearing opaque to visible light. This
scattering affects both the excitation and emission, hampering
fluorescence measurements. The interiors of cells growing as
two-dimensional (2D) monolayer cultures can be probed
using fluorescence imaging. These measurements can be used,
for example, to detect specific molecules using immunostain-
ing103 or to track individual molecules.104 However, the same
measurements would no longer be possible if the cell to be
probed lay 1 mm deep inside three-dimensional (3D) tissue.
As such, light scattering is a fundamental problem to acquire
fluorescence measurements in tissue and full organisms
efficiently. Visible light is strongly scattered by both biological
tissues and inhomogeneous fluids, such as blood. The overall
absorption of the light used for irradiation as well as the
emission from the fluorophores by the different components
of the sample hampers the useful penetration depth of optical
microscopy. Penetration limits of optical imaging can be
avoided by combining it with intraoperative or endoscopic
procedures, yielding imaging methods that have already been
translated for use in humans, but are highly invasive, as most
require surgical intervention. Alternatively, tissue penetration
issues caused by absorption and scattering can be partially
solved by working in the so-called spectral “biological
window”,105 which designates the reduced scattering of light
by tissue in the NIR region. Therefore, scattering and
absorption effects can be reduced by shifting the wavelength
of the beam used for the irradiation of a sample from visible
to NIR light.106 Alternatively, two-photon microscopy uses
longer wavelength photons to excite fluorophores, achieving
deeper penetration. As such, two-photon intravital micros-
copy enables important in vivo and in situ insight into
fundamental biological processes (e.g., immunological re-
sponses) occurring 100−200 μm deep within animals.107−109

While two-photon imaging techniques also suffer from optical
scattering, advances in modern image analysis, applying
effective and adaptive Fourier filtering algorithms (FFA),
promise to improve image quality and analyses.110,111 Despite
these advances, acquisition of high-resolution optical record-
ings deep within tissue is not possible using existing
methodologies. One could dissect the specimen, but that
would exclude in situ and longitudinal detection. While such
ex vivo analyses can be done in animal experiments, it is ruled
out for most clinical applications in humans. Thus, tissue
effectively remains nontransparent to analytics based on visual
light optics.
Raman microscopy presents an alternative and a comple-

ment to the methods discussed above. Although Raman
microspectroscopy has been used frequently for the character-
ization of tissues and cells,112 the intrinsic low Raman cross
sections of NPs, especially with infrared light, limit its
applicability in bioimaging. The intensity of conventional
Raman scattering, however, can be enhanced by many orders

of magnitude when the target molecules are located close to
plasmonic surfaces, giving rise to the so-called surface-
enhanced Raman scattering (SERS).113 Whereas most
applications of SERS have been directed to the analytical
detection of molecules at low concentrations, direct SERS
spectroscopy has also been used in the classification and
characterization of tissues114 and cells.115,116 The intrinsic
complexity of these biological samples makes the spectral
output of the direct use of SERS difficult to interpret. Thus,
as an alternative to direct SERS, labeled particles known as
SERS tags or SERS-encoded NPs have been developed
specifically for imaging. Such particles typically comprise a
metal (Au or Ag) NP core, on which molecules with high
SERS cross-section are adsorbed. Then, the particle is
protected with an oxide or a polymer material that, in turn,
can be functionalized with targeting biomolecules.117 The
SERS tags can be used for bioimaging, with the advantage
that the signal can be readily excited with NIR lasers,
circumventing the photodegradation common to visible
lasers.118 Applications in vivo have been reported using
fiber optics-based illumination and signal collection, which
enables acquiring images as deep as a few millimeters (or
even centimeters) within the subject, but only with moderate
spatial resolution.119,120 Although high-resolution imaging is
more challenging, recent reports demonstrate the possibility
of using confocal SERS to classify cell types, both in 2D121

and in 3D122 cell co-cultures. Additionally, as SERS is a
surface active methodology, changes in the local environment
of the metal NP can be detected, such as conformation of
adsorbed proteins.123−125 Thus, SERS potentially enables one
to follow the fate and degradation of NP-based drugs, also in
vivo.126 Nonetheless, resolution and penetration depth are
hindered by the same issues discussed for fluorescence
imaging above, while acquisition times for SERS images are
still typically much slower than those for fluorescence.
Photoacoustic imaging (PAI) is another optical imaging

modality to monitor NP-based drugs, labeled macromolecules
and/or cells, combining the sensitivity of fluorescence
imaging with the high spatial resolution of ultrasound
imaging. This method measures the echo waves initiated
from the heat generated by a laser beam and subsequently
thermo-elastic expansion of the tissue and is capable of
greater spatial resolution when imaging NPs deep within
tissues compared to fluorescence imaging.127 For instance,
PAI has been widely utilized to investigate the distribution of
different Au NPs.128 The strong localized surface plasmon
resonance (LSPR) effect in Au NPs enables tunable
photoacoustic absorption in vivo. Alternatively, a series of
protein nanostructures filled with gas generated by some
microorganisms can be used as PAI contrast agents and
enable to probe macrophage phagocytosis and lysosomal
degradation in the liver of living animals.129−131 Single-walled
carbon nanotubes (SWNTs) can also be monitored in vivo
with a wide PA absorption spectrum without specific peaks.
Other suitable candidates for PAI include NPs loaded or
labeled with organic photoacoustic contrast agents, such as
cyanine-based dyes, melanin, and porphyrin.132 Similar to
fluorescence imaging, the NIR window (780−900 nm) and
the second NIR window (900−1700 nm) are optimal for in
vivo applications in order to avoid laser absorption from
endogenous agents such as hemoglobin.133 Multiplexed PAI
enables the quantification of signals from NPs, oxygenated
hemoglobin, and deoxygenated hemoglobin separately, but
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Table 2. List of X-ray Imaging, Spectroscopy, and Scattering Techniques Commonly Used to Study the Biodistribution or
Fate of Nanoparticle (NP) Drugs in Biological Samples
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remains a limitation for PAI. Thus, PAI has great potential
for use in investigating pharmacokinetics, biodistribution,
stem cell homing, metastasis dynamics, etc. Presently, PAI is
used mostly in research laboratories to follow blood flow,
plaque formation in blood vessels, and blood vessel elasticity.
Instruments approved for clinical application are not yet
available, limiting the widespread use of this method.
Optical coherence tomography (OCT) is a non-invasive

optical imaging technique that may be used in combination

with PAI to measure the time delay from photons
backscattered by samples irradiated with low-coherence NIR
or visible light.134 This method is widely used in vivo,
especially in the eye, and measures the morphology of tissues
with millimeter penetration depth and micrometer reso-
lution.135−137 NPs can be used as contrast agents for
OCT.138−141 Therefore, OCT might also help to detect
NP-based drugs in biological environments and can be used

Table 2. continued
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to probe the biodistribution and/or behavior of such
nanomaterials in vivo.142

Due to the noted limitations of the above-discussed
imaging techniques, especially with respect to penetration
depth, there are clear needs for the development of further
methodologies for the in situ and in vivo analyses of NP-based
drugs. In the following section, the use of X-ray-based
analytics to characterize and to image NP-based drugs will be
discussed as methodologies with significant potential in this
context. Capabilities for such measurements in situ in
complex biological environments such as blood, in vitro in
cells and tissue, and ultimately in vivo in animals and humans
will be outlined. While this Review focuses on NP-based
drugs, the concepts discussed herein apply to the character-
ization of nano−bio interactions in general.

X-RAY-BASED TECHNIQUES AS AN ALTERNATIVE TO
STUDY NANOPARTICLE-BASED DRUGS IN
BIOLOGICAL ENVIRONMENTS
Visible light is an electromagnetic wave within a specific
range of wavelengths λ. Scattering imposes limits to visible
light-based imaging, but scattering is highly wavelength
dependent (λ−4) and therefore can be reduced by shifting
the optical excitation from the visible to the NIR.143−145

Alternatively, it is possible to reduce the scattering of the
incident light further and to achieve deeper tissue penetration
by shifting fluorescence-based methodologies to a different
spectral range, such as X-rays. Standard X-ray projection
imaging in a physician’s office allows visualizing bones deep
inside the body in contrast to surrounding soft tissues and is
also used clinically in hospitals in the form of computed
tomography (CT).146 X-ray-based medical imaging remains
by far the most commonly used method, exceeding the use of
all other imaging techniques combined. This technique is
based on the differential X-rays attenuation in different
organs, which depends on the elemental composition (mostly
O, C, H, and N for biological tissue, but bone contains high
quantities of heavier Ca) and tissue density.147

Such dramatic changes in wavelength alter the fundamental
interactions of light with matter, as many phenomena, such as
absorption, fluorescence emission, and scattering, are wave-
length dependent. For example, X-rays can carry enough
energy to excite electrons located in orbitals at the inner
shells of heavy elements, whereas optical techniques normally
study electronic transitions only between valence orbitals.
Therefore, X-ray-based techniques such as X-ray fluorescence
(XRF),148,149 or for in situ/in vivo, also called X-ray
fluorescence imaging (XFI), or X-ray absorption spectroscopy
(XAS)148,150,151 enable direct detection of the different
components in NP-based drugs (Table 2). Due to the
characteristic discrete electronic levels of different elements,
XRF is element specific, and thus multiplexed detection is
possible.148,149,152 Furthermore, as the chemical environment
also changes the electronic levels, information about the
electronic and chemical states of the elements under study
can be obtained by using XAS.150,151,153 As X-ray scattering
occurs on the basis of the electron shells of atoms, the sizes
of labels reduce to the sizes of individual atoms. However,
working with biological samples requires consideration of
radiation-induced toxicity, which is a particular concern with
X-ray radiation.
X-ray-based techniques may fully or partially solve some of

the problems of fluorescence-based analytics and constitute a

valuable alternative to optical imaging for the study of NP-
based drugs in situ (Table 2). This set includes a number of
spectroscopic techniques such as XRF, XAS, and X-ray
emission spectroscopy (XES), among others. There are also
scattering techniques, such as powder X-ray diffraction
(PXRD), total X-ray scattering, or SAXS imaging,154 X-ray
phase contrast imaging techniques,155−157 and X-ray photon
correlation spectroscopy (XPCS).158−162 These techniques
could be used to probe nanomaterials directly, including NP-
based drugs, and to provide important information about
their location, quantification, state, and supramolecular
arrangements.
In fact, X-ray-based techniques are frequently used to

characterize NP syntheses and properties. We first start with
a short summary on how such techniques are used to
characterize NPs under laboratory conditions (e.g., dissolved
in water), for example, to monitor their synthesis and
assessing their materials’ properties. Based on this informa-
tion, prospects for extending such approaches to “biological”
environments will be discussed.
Detailed analyses of PXRD data for NPs can provide useful

insights into size, shape, crystal structure, crystallinity, and
sample purity.163 Amorphous or poorly crystallized compo-
nents of a sample are not detectable by PXRD, so NPs that
do not have a crystalline core will not be observed with
diffraction. The most interesting properties of NPs are caused
by quantum confinement as a result of their small sizes. But it
is precisely these small sizes that make it challenging to
obtain a solid and reliable characterization of the synthesis of
NPs in situ. The peaks in PXRD patterns of NPs get
considerably broader as NP size decreases, leading to lower
signal-to-noise ratios and making it challenging to identify
phases and to evaluate purity. TEM and SEM, optical
measurements, nuclear magnetic resonance, or MS techniques
are generally used to obtain information about size,
composition, and chemical environment of NPs, and these
techniques can be used in conjunction with PXRD to provide
additional insights into the characteristics of samples.
However, despite their suitability to study NP samples,
there remain considerable limitations with regard to their
applicability to in situ studies (i.e., including extensive sample
preparation requirements, of specific solvent requirements or
vacuum conditions, low sensitivity, or incapacity of separating
between the different populations found within the growing
particles). A wide variety of X-ray-based techniques have
been used to characterize the structure, composition, size, or
aggregation state of NPs (e.g., SAXS, wide-angle X-ray
scattering (WAXS), XRF, XAS, PXRD, pair distribution
function (PDF), and X-ray photoelectron spectroscopy
(XPS)).164 In most cases, the small X-ray scattering cross
sections of NPs impose the need for synchrotron-radiation-
based techniques. Despite the possibility of characterizing
NPs of different types, the dynamic character of synthetic
processes leads to the need for in situ studies. Control of the
syntheses of NPs, from their nucleation and growth to the
attachment to other NPs or conjugation with biological
ligands/pharmaceutical agents, would benefit heavily from
monitoring the reactions involved in situ. These measure-
ments would enable not only observing the evolution of the
NPs in real time but also obtaining data without any
disruption of the initial structure. The breakthroughs in this
field will come from the possibility to combine different
characterization techniques to study the synthesis and
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properties of NPs in their different stages. Indeed, the use of
microfluidic devices to perform both synthesis and in situ
characterization offers enormous potential. At this point, it is
critical to consider the interface of the reaction container.
Inexpensive, X-ray-transparent polyimide windows are suit-
able for in situ X-ray characterization, for example, by means
of SAXS, WAXS, XAS, or PDF. However, other promising
techniques, such as XPS or MS, require vacuum conditions.
Therefore, while the use of flow reactors is a reality,
combining multiple interfaces that allow the successful
application of several X-ray-based techniques at different
time windows of the reaction represent real challenges in this
context.
These techniques could also be applied to a wide variety of

NP-based drugs. Conversely, the identification of ideal drug
delivery systems to study under X-ray techniques can
facilitate the use of existing infrastructure to observe nano−
bio interactions that previously could only be inferred. For
example, crystalline materials such as liposomes, metal NPs,
and metal−organic frameworks (MOFs)-based NPs have
distinct X-rays scattering profiles. In particular, MOFs can
also be loaded with therapeutics and engineered to
disassemble in acidic microenvironments, meaning that
dissolution of the MOF carrier system could be monitored
by SAXS. This process would not require any labels and
would also give information on whether the NPs fracture to
release cargo, to disassemble into crystallites, or to dissolve
completely during internalization. The reverse time course
(formation instead of dissolution) has been performed by
looking at the formation of MOFs on the cell walls/
membranes of microorganisms.165 Further, SAXS has recently
been used to monitor the cellular uptake and interactions of
cubic liposomes (cubosomes) in a microfluidic setup.
Roughly 16 min after interacting with the cells, the
cubosomes demonstrated a phase transition and evolved
into hexasomes, a phenomenon that would not have been
observable without X-ray techniques.166 Theoretically, X-ray
absorption near-edge structure (XANES) spectroscopy and
XRF can similarly be used to monitor whether the metal state
changes and how the loaded drug is released, due to its
proximity to the metal center. In particular, the protein
corona will also dictate whether changes in the microenviron-
ment can be observed after internalization, as demonstrated
by in situ extended X-ray absorption fine structure (EXAFS)
measurements of TiO2 NPs, which revealed no fine structure
change upon internalization into cells from cell media.167

Other EXAFS work has also confirmed that small molecules
may stay bound to NPs (maghemite) during internal-
ization.168

The question is now how such in situ methods could be
extended to in situ−in vivo measurements, that is, requiring
the observation of NP samples not under test condition, but
ultimately deep inside tissue. Modern development of
synchrotron radiation sources allows for advanced beam
properties, such as foci down to the range of a few
nm,169−177 excellent coherence, and brilliance exceeding
1021 photons/(s·mm2·mrad2) at 0.1% bandwidth.178 As
such, measurements deep inside tissue with subcellular
resolution are potentially possible. Therefore, these X-ray
techniques constitute an exciting alternative to study the
behavior and fate of NP-based drugs in biological systems at
different length scales. Particularly, X-ray techniques can
replicate, or might be able eventually to replicate, the

following types of measurements which are standard for
fluorescence-based analytics:
Imaging (i.e., spatial resolution) (see Figure 2a) based on

X-ray transmission, fluorescence, (coherent) scattering,
diffraction, or phase contrast techniques has been demon-
strated using synchrotron radiation.57,149,154,179−182 Further-
more, recently developed nanoprobe beamlines169−176,183

possess advanced X-ray optics which are capable of focusing
synchrotron radiation below 50 nm, allowing the use of X-ray
imaging techniques to study biological samples with
subcellular resolution.
Temporal resolution is possible (see Figure 2b), in

particular when using a fast 2D pixel detector running at
kHz or even MHz frame rates, ideally synchronized with the
bunch pattern of the synchrotron radiation source.184,185 For
example, intensity fluctuation-based studies of the dynamics
of objects scattering X-rays have been performed with XPCS
using synchrotron radiation with highly coherent X-ray
beams.186,187 The scattering pattern is modulated by an
interference pattern. Changes in this pattern are correlated to
the motion of the scattering and thus to its diffusion
coefficient (which provides information on the size and shape
of the object).158−160 The application of time-resolved
techniques also allows studying the dynamics of metal
centers upon photoexcitation and photoactivation.188

Spectral resolution (see Figure 2c) with X-rays is possible
due to the characteristic discrete electronic levels of different
elements. As such, X-ray absorption, fluorescence, and some
X-ray inelastic scattering techniques (i.e., resonant inelastic X-
ray scattering, RIXS) are element specific. Multiplexed
measurementsof different elements such as Au, Cu, Fe, Ag,
Pt, Os, etc. are thus possible.148,149,152,189−191 Spectral
resolution is even more important when studying the
mechanisms of action of NP-based drugs, as it permits
following various species of the same element that can be
generated once the NP has been administered.192 From the
detector side, arrays of microcalorimeters hold potential for
microspectroscopy applications using X-rays.193−196

Movies (see Figure 2d) are conceived as the combination
of spatial and temporal resolution. Such experiments can be
recorded using synchrotron radiation to probe biological
samples.197,198 However, in general, high spatial resolution or
large image areas and high temporal resolution are still
mutually exclusive. This limit is mainly due to two primary
factors. First, biological samples normally contain low
concentrations of the NPs of interest, making it necessary
to use relatively long acquisition times on instruments
providing high photon fluxes to obtain high-quality images.
Furthermore, many X-ray imaging techniques use scanning-
based approaches needing mechanical translation of the
sample during acquisition, which takes longer for higher
resolution images. This limitation holds true even for full-field
imaging techniques, as the size of the field of view normally
affects the final resolution of the image (i.e., imaging larger
fields of view leads to lower resolutions). Therefore, scanning
approaches are still needed to image large areas of the sample
with high resolution.
Multiplexed imaging (see Figure 2e) is possible, as different

elements can be spectrally resolved using different techniques,
which also allow achieving spatial resolution.199 For example,
the simultaneous acquisition of maps of different elements
within a single XRF scan with synchrotron radiation is a clear
example of well-established multiplexed imaging.149 Further-

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c09563
ACS Nano 2021, 15, 3754−3807

3764

www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09563?ref=pdf


more, in multimodal imaging, XRF can be coupled also with
other techniques such as XAS and XRD (at fluorescence
microprobes), ptychography, transmission, and XRD simulta-
neously. Moreover, collecting images at different energies
around an X-ray absorption edge permits imaging chemical
states and electronic states which are compound specific.
Similar to spectral resolution, detectors based on micro-
calorimeters may hold potential for multiplexed imaging as
well.
Multiplexed recording might be possible with XRF (see

Figure 2f). Parallel fluctuation analysis as recorded by XRF
from different elements could be achieved using an energy-
discriminating detector with high temporal resolution (kHz
or more). Alternatively, XES should allow probing two
orbitals within the same element with subnanosecond
temporal resolution, by combining a van Hamos spectrom-
eter200 with fast detectors.
Multiplexed movies would involve the combination of

spatial, temporal, and spectral resolution (see Figure 2g).
This kind of measurement using X-ray-based techniques is
currently at the technically possible limit, due to multiple
technical restrictions (as described above) and by the
maximum biologically tolerable dose. Nevertheless, there is
no fundamental physical principle that would rule out
multiplexed movies, although there are tremendous practical
hurdles, and at the state of the art, multiplexed movies are
not yet possible.
While the aforementioned examples are structured on a

conceptual basis, in the following sections we will discuss the
current aspects of employing X-ray-based techniques for their
potential use in analyzing NP-based drugs in situ in more
practical terms.

X-RAY IMAGING OF NANOPARTICLE-BASED DRUGS
(AND RELATED SYSTEMS) FROM THE SUBCELLULAR
TO THE ANIMAL LEVEL
X-ray imaging has the potential to overcome the penetration
depth limitation of EM and to image cellular components in
fully intact cells with high spatial resolution and minimal
sample preparation, i.e., imaging biological material in a native
or near-native state. Different from fluorescence imaging with
visible/NIR light, synchrotron radiation-based imaging
methods are capable of providing element-specific and precise
distribution information on NPs at subtissue, cellular, and
even organelle levels as well as the morphology information
on biological specimens. The key factor here is the short
wavelength of the X-rays. Whereas visible/NIR light suffers
from low spatial resolution of a few 100 nm due to Abbe’s
diffraction limit and even super-resolution techniques thus far
typically achieve only a few tens of nm spatial resolution in
cells99,201,202 (or 5 nm spatial resolution in nonbiological
synthetic samples),203 X-rays enable single nm spatial
resolution, which is more than enough for the imaging of
NP-based drugs. Also, by choosing the X-ray wavelength
selectively, scattering effects by tissue can be minimized. This
high resolution, however, comes with the price of potentially
higher radiation damage than that caused by optical imaging
techniques, which will be discussed in a separate section.
Strategies for deep-tissue recordings will be discussed at the
end of this section. For the majority of X-ray-based
microscopies suitable for biological specimens, soft, tender,
and hard X-ray wavelength ranges (which are discussed
below) can be used as light sources, and each method has its

own advantages and drawbacks. Thus, the applicable imaging
method should be chosen depending on the desired
penetration depth, spatial resolution, and contrast mecha-
nism.204 In the case of inorganic NPs, X-ray-based imaging
technologies can visualize the position and distribution of the
NPs inside the cell/tissue in situ, without any further
functionalization or labeling. Also, released heavy-element
ions can be directly imaged. Loaded pharmaceutical
compounds, however, may require tagging with atoms that
provide enough contrast for the respective imaging method
(unless they contain certain atoms such as Pt in the case of
cisplatin). There are a variety of different methods for X-ray
imaging, such as analyzing the phase contrast, absorption,
fluorescence emission, or diffraction signals, etc., of different
elements/NPs. From these, several X-ray-based microscopies
have been developed, which enable imaging in the field of
nanobiotechnology,205−207 both using soft and/or hard X-rays
as light sources.181,182 Examples include transmission X-ray
microscopy (TXM), scanning transmission X-ray microscopy
(STXM), micro- or submicro-focused XFI, and coherent
diffraction imaging microscopy (CDI)/X-ray ptychography.
X-rays are ionizing radiation that can be divided into low

penetrating soft X-ray (with energies from 100 eV to 1 keV,
penetrating up to a few μm), tender X-rays (energies from 1
to 5 keV), and high penetrating hard X-rays (wavelengths
below 2 Å and energies above 5 keV). The interactions of
photons with soft matter are dominated in the soft energy X-
ray range by the photoelectric effect and in the hard X-ray
energy range above 50 keV by Compton scattering. X-rays
are orders of magnitude more penetrating than charged
particles. The attenuation of the beam increases exponentially
with the thickness of the sample and decreases with
increasing X-ray energy. The intensity of the beam is
attenuated by 1/e (attenuation length) after transmission of
soft tissue, for example, through 30 μm (cell), 300 μm (cell
spheroid), 3 mm (tumor), and 30 mm (organ) at energies of
2.4, 5.4, 11.8, and 33 keV, respectively.208 For radiography of
the human chest in clinics, X-ray beams with maximum
energies of 50−150 kV are used (i.e., a beam composed of
X‑rays with a range of energies from a minimum of about
25 kV, depending on the filtering used, up to the maximum
selected). The high penetration depth of X-rays can be
employed to obtain real 3D imaging by tomographic
methods, usually by computational reconstruction of virtual
slices from a series of projections recorded at various angles.
Being tiny and sparse, NPs in a tissue can only be
investigated in 3D if the local tomographic resolution
approaches the size of the NP itself, which requires coherent
scattering techniques such as X-ray holotomography or
ptychographic tomography and small sample volumes. The
sensitivity for NPs can be increased by selecting XRF
contrast. When composed of heavy elements inside a light
matrix, NPs generate an XRF signal that can be efficiently
separated from the background signal by energy dispersive
detectors. XRF tomography enables measuring intrinsic trace
element distributions with parts-per-million sensitivity in cells
without the need to add or to encode genetically-specific
fluorescent labels. However, the spatial resolution is limited
by the X-ray optics used, to about 60 nm in 3D. Indeed, XRF
tomography is a raster scanning technique utilizing a pencil
beam, and as a consequence, this technique is comparatively
slow. The measurement of a mega voxel 3D image can easily
take several hours. On the other hand, XRF tomography
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offers free spatial scalability. The size of the scanned volume
is generally limited by the available measurement time once a
suitable beam size is selected. For thick samples, the “over
absorption” of the X-ray fluorescence radiation emitted from
the NP inside the sample matrix is important. For Au NPs,
for example, the Lα radiation (9.7 keV) would transmit soft
matter of 15, 150, and 1500 μm at 99.1%, 91.5%, and 41%
intensity, respectively. A sample of 15 mm would be
transmitted only at 0.0015% intensity. Using the high-
energetic Au−Kα1 line (68.8 keV) would allow 75% and
5.6% transmission through 15 mm and 150 mm soft tissue,
respectively.208 The application of high energies for XRF
microscopy requires dedicated sources, X-ray optics and
detectors, and is discussed in a separate section below. At
high-resolution conditions including coherent illumination,
XRF tomography can be combined with ptychography, a
scanning coherent X-ray diffraction imaging technique, to
image the internal structures simultaneously, including
organelles and distributions of trace elements within
cells.209 In ptychography, the effective numerical aperture of
the imaging system can be increased, resulting in higher
resolution than the size of the beam and imaging the natural
contrast arising from internal electron density. Larger XRF
tomographies may be combined with X-ray holotomography
or phase contrast tomography to locate the NP position
precisely relative to the tissue structure.

Soft X-ray-based microscopy is suitable for imaging the
subcellular morphology together with the distribution of
NPs/pharmaceutical agents in cells. As an example, Chen et
al. used STXM to observe the continuous uptake and
subcellular distribution of metallofullerenols in macrophages
with 2D spatial resolution of 30 nm (Figure 4).210 Taking
images below and above the absorption edge provides
elemental contrast in STXM imaging (dual-energy STXM).
Cells were scanned at two energies, E1 (1189 eV) and E2
(1185 eV) just above and below the M5 absorption edge of
the Gd atoms from Gd@C82(OH)22. The result showed that
the Gd@C82(OH)22 NPs were taken up by primary mouse
peritoneal macrophages and RAW264.7 after 3 h exposure,
and the content of Gd@C82(OH)22 kept increasing over
48 h. The internalized Gd@C82(OH)22 NPs were mainly
located in the cytoplasm, but almost never entered into the
nucleus (Figure 4).210 Being element specific, this method is
suitable for studying the distributions of elemental Gd, even
when Gd is integrated with other NPs, such as in the case of
Gd-hybridized Au@SiO2NPs (Au@SiO2(Gd)). With this
method, both uptake and intracellular distribution of NP-
based drugs were investigated. Hyaluronic acid (HA) and
DOX were added to Au@SiO2 (Gd) carrier NPs as
pharmaceutical agents. With dual-energy STXM, the cellular
uptake of these NP-based drugs was imaged in MDA-MB-231
cells.211 Data showed a time-dependent uptake and how the
intracellular localization of the Au@SiO2 (Gd) NPs moved

Figure 4. Internalization of metallofullerenol by macrophages in vivo and in vitro. (a) A Gd M5-edge XANES spectrum of Gd@C82(OH)22
NPs. (b) Soft X-ray dual-energy contrast STXM images of Gd@C82(OH)22 in a primary mouse peritoneal macrophage in vivo. (c) Soft
X‑ray dual-energy contrast STXM images of the time-dependent uptake of Gd@C82(OH)22 NPs by primary mouse peritoneal
macrophages and RAW 264.7 cells in vitro. (d) ICP-MS quantification of the time-dependent uptake of the NPs in macrophages of
primary mouse peritoneal macrophages. Reprinted with permission from ref 210. Copyright 2014 John Wiley and Sons, Inc.
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from the membrane to around the cell nuclei. Reduced
cellular uptake was detected when cells were pretreated with
HA, verifying that the HA targeting modification efficiently
enhances cellular uptake. These results on the internalization
of Au@SiO2 (Gd) NPs were in accord with data obtained
with laser confocal scanning microscopy and TEM.211

In the aforementioned example, besides the 2D distribu-
tion, 3D ultrastructural imaging of the Gd@C82(OH)22NPs
inside the cell was performed by combining dual-energy
contrast STXM and equally sloped tomography (EST; Figure
5a,b). This method is a type of tomography where
projections are acquired using a constant slope increment
(instead of more common angle increments). This technique
facilitates the use of iterative image reconstruction algorithms
based on pseudopolar fast Fourier transform,212 producing
high-quality images with reduced exposure to radiation.213 In
this experiment, the detailed distribution of Gd@
C82(OH)22NPs in macrophages was obtained (Figure
5c).214 A large number of NPs were found to be aggregated
within cells, and they were mainly located in phagosomes. No
NPs were observed in the nuclei, which is in agreement with
2D imaging results. Based on the morphologies and the linear
attenuation coefficients, μ, of the organelles,215 the 3D images

were segmented into subvolume regions, and the lysosomes,
mitochondria, and nuclei could be segmented (Figure 5d).
The quantitative analysis results of the segmentation suggest
that the majority of aggregated NPs were only located in
phagocytic vesicles, instead of other organelles, including the
nuclei (Figure 5e). This method also can show the
characteristic morphological features of macrophages, for
example, the pseudopods, rough surfaces, and flat shapes
(Figure 5f).
Recently, soft X-ray based TXM nano-CT has been applied

to visualize Escherichia coli (AMR) cells. Data indicated that
La@graphene oxide (GO) NPs are able to insert perpendic-
ularly into the cell membrane, causing a number of irregularly
shaped perforations, leading to disruption of the bacterial
membrane and thus ultimately to killing the bacteria (Figure
6).216 There are also examples of using soft X-ray CDI to
obtain morphological information on some bacteria, green
algae, viruses, chromosomes, etc.217−219 The development of
XRF tomography enabled the visualization of internal
chemical elemental structure nondestructively, initially dem-
onstrated in investigations of the freshwater diatom Cyclotella
meneghiniana and later extended to the model organism
Caenorhabditis elegans and others.220,221 The chemical

Figure 5. (a) Schematic layout of the dual-energy STXM imaging technique. Two sets of projections are acquired from various angles by
STXM at energies below and above the absorption edge of the observed element, which in the reported work was Gd. (b) Tomographic
data sets for both energies were separately reconstructed using the EST algorithm. (c) From this the quantitative 3D distribution of the
specific element, here Gd, was obtained. (d) Intracellular distribution of Gd@C82(OH)22NPs. (e) Organelle segmentation based on
differences in the linear attenuation coefficient and specific morphology of the different organelles. (f) Isosurface rendering of the
macrophage at 1189 eV. Reprinted with permission from ref 214 under a CC-BY License. Copyright 2018 International Union of
Crystallography.
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coordination of Cu within an intact organism was revealed
using the four-dimensional combination of XRF XANES
tomography, by mapping the distribution of cuprous and
cupric complexes within Drosophila melanogaster.222 The lack
of sensitivity of XRF to lighter elements leads to a symbiotic
correlation with ptychography, the latter technique partic-
ularly suited to revealing the structures of lighter
elements.223,224 STXM tomography, optical fluorescence,
and 2D ptychography have also been correlated.189

Soft X-ray microscopy (XRM) is also suitable for recording
tomography of heterogeneous atmospheric particulate matter.
The morphology and the distribution of elemental Fe can be
observed, which can help to understand biological phenom-
ena caused by atmospheric particulate matter after entering
the biological environment, which is of relevance for
ecotoxicology.225 Soft X-rays have strong interactions with
organic materials, which limits the cell penetration to ∼10−
15 μm, depending on different cell types226 and the incident
photon energies used.
As illustrated with the above examples, in addition to high

spatial resolution, an important advantage of using soft X-rays
for imaging is that cell membranes and intracellular structures
can be imaged without the use of contrasting methods. This
is a significant advantage over laboratory-based optical
fluorescence microscopy imaging and OCT in the visible/
NIR, where fluorescence staining of such structures is
required, in order to correlate the location of NPs to
intracellular organelles.103 Standard thin-section TEM yields
high-resolution images, but visualization of intracellular
organelles requires staining,227 and 3D tomography typically
needs to be done by reconstruction of images obtained from
different slices. Cryo-EM can image these organelles in 3D
without staining, but only in thin parts of the cells (i.e.,
500 nm). Nevertheless, presently, soft X-ray techniques do
not allow imaging different types of individual biological
molecules in a cell directly, which would be important in
investigating intracellular nano−bio interactions. Biomole-
cules such as proteins are small when compared with
organelles or the complex structures found within them
(i.e., a few nm versus hundreds of nm respectively) and
normally provide a low contrast independent of their type
(unless they contain large quantities of heavier elements such
as Fe). This issue makes it challenging to determine the
location of a type of protein or to discriminate between
different types of individual proteins using soft X-rays.
However, the use of staining strategies might help to solve

this problem. For example, by using immuno-gold, it was
possible to stain cellular components such as microtubules228

or mitochondria.229 Kong et al. reported a genetically
encoded method for in situ labeling of intracellular
proteins.230 Analogous to green fluorescent protein for
fluorescence imaging, the genetically encoded tags provided
a means for site-specific labeling of proteins of interest in
mammalian cells with high-contrast elements, which enabled
imaging of protein locations using STXM with 30 nm
resolution (Figure 7). This ability to image multiple proteins
holds promise for multimodal imaging to understand the
biological effects and mechanisms of how NP-based drugs
interact with cells at the molecular level.231

Overall, soft X-ray-based imaging methods make it possible
to obtain morphological information from intact samples,
quantitative mass information (e.g., of the internalized NPs),
and localization information about the different NP parts to
study nano−bio interactions. Accompanied with advances on
X-ray monochromator technology, optics, X-ray detectors,
experiment control, and the quality of the X-ray light source,
the diversity of imaging modalities based on synchrotron and
X-ray free-electron lasers light sources are on the way toward
achieving efficient imaging of cells. The combination of
different modalities of X-ray microscopy to build multimodal
instruments can succeed in achieving correlative imaging on
the same cell, providing complementary information from
each method.
In contrast to soft X-rays, the greater biological penetration

depth of hard X-rays enables imaging of larger cells, tissues,
and organisms. Furthermore, the morphology of tissues and
cells can be visualized with hard X-rays through use of
chemical staining to enhance the signal of organic structures
of cells and tissue,232 but also by using phase contrast data
acquisition protocols,155−157 including holotomography,233 or
coherent diffraction-based ptychography.234 The morphology
and organelle localization can also be assessed on cellular
samples by using experimental approaches based on the
correlative acquisition of optical and hard X-ray microscopy
images.235 Additionally, hard X-ray tomography can provide
the high-resolution 3D distribution of metal NPs in
cells,236,237 as an important alternative to methodologies
based on visible fluorescence and OCT.238 Due to their pH
independence, these methods also avoid the photobleaching
considerations inherent to working with fluorophores. For
example, in Figure 8, the 3D distribution of 20 nm Ag NPs
inside a single human monocyte (THP-1) at different time
points is shown, using hard X-ray TXM with Zernike phase
contrast imaging at high spatial resolution of 60 nm at
8 keV.22 These images directly demonstrate the cellular
accumulation and exclusion processes of Ag NPs in THP-1
cells. The different content, 3D distribution, and aggregation
states of the Ag NPs elucidated the time-dependent
interactions of cells with the NPs. The Ag NPs were
internalized by cells, trafficked from engulfed vesicles to the
lysosomes, disrupted the lysosomal membranes, decreased
matrix metalloproteinases, generated reactive oxygen species
(ROS), and finally caused apoptosis of the cell.22 While these
findings could have been also determined with fluorescence
imaging in the visible by using fluorescently labeled NPs, in
this work, additional information was extracted that would
not have been possible with fluorescence spectroscopy in the
visible. The trick was to combine imaging with XANES,
which also allows observing the oxidation states of Ag atoms.

Figure 6. Nanocomputed tomography images of Escherichia coli:
(a) untreated or (b) upon exposure to La@GO nanocomposites
to decipher the bactericidal mechanism. Reprinted with
permission from ref 216. Copyright 2019 American Chemical
Society.
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The cytotoxicity of Ag NPs is largely due to the chemical

transformation from elemental Ag into particulate Ag, as

(Ag0)n, to Ag+ ions and Ag−O− and then Ag−S− species

(see Figure 8a).22 The same method has also been applied to

visualize the distributions of TiO2 NPs and nano-MoS2 in

cells.239,240 Further possibilities of spectroscopic analyses are
discussed in greater detail in a separate section, below.
Phase contrast approaches are more efficient than

absorption-based techniques for imaging low-absorbing
samples,233 such as soft biological tissues without using
staining procedures (and, therefore, promising for in situ

Figure 7. Repurpose engineered peroxidase as genetically encoded tags for protein localization with XRM. (a) Schematics showing the
catalytic polymerization of 3,3′-diaminobenzidine (DAB) into DAB polymer (left) and X-ray imaging of DAB polymer (right). (b) X-ray
absorption spectra of water and DAB polymer. In the “water window”, absorption by carbon and nitrogen is much stronger than by
oxygen. (c) Schematics showing APEX2 as a genetically encoded tag for protein localization with XRM. By using fusion expression
plasmids including APEX2 and biotargets, these tags are highly specific and can polymerize DAB into localized X-ray-visible dense DAB
polymers. This strategy enables localizing and imaging various cellular targets with high resolution. (d) STXM images of cellular proteins
and specific amino acid sequences: COX4 (mitochondrial), Cx43, α-tubulin, β-actin, NLS, and GalT. Scale bars: 10 μm. (e) Photostability
characterization of the genetically encoded tag for protein localization with XRM. No photobleaching occurred after 10 frames of STXM
scans (for each STXM scan, the signal-to-background ratio of 10 loci was calculated and averaged to obtain a single value). Scale bars: 10
μm. Reprinted with permission from ref 230 under a CC-BY License. Copyright 2020 Oxford University Press.

ACS Nano www.acsnano.org Review

https://dx.doi.org/10.1021/acsnano.0c09563
ACS Nano 2021, 15, 3754−3807

3769

https://pubs.acs.org/doi/10.1021/acsnano.0c09563?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09563?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09563?fig=fig7&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.0c09563?fig=fig7&ref=pdf
www.acsnano.org?ref=pdf
https://dx.doi.org/10.1021/acsnano.0c09563?ref=pdf


analysis). Phase contrast imaging follows alterations on the
phase of X-rays as they go through an object. Such changes
are related to the electron densities of the components of the
sample, meaning the different cells or tissues in biological
specimens. Imaging fine tissue structures or individual cells in
hydrated samples is challenging, as differences in electron
density between such biological structures and water are
small (especially at the micro- or nanoscale). However, good
contrast images with cellular or subcellular resolution can be
obtained by using the correct experimental set-ups and phase
retrieval algorithms. For example, full-field propagation-based
phase contrast tomography has shown promising results for
3D imaging of weakly absorbing specimens such as biological
samples with good resolution.241−244 Apart from being
applied to probe nanomaterials inside single cells, X-rays
have already been used for imaging tissues or organisms.
Current developments in benchtop X-ray sources make it
possible to extend the same experimental approach (with
submicrometer resolution) to clinical and biomedical research
within a laboratory environment.243,245,246 As such, the
application of full-field propagation-based phase contrast
tomography has enabled acquisition of a variety of data,
from structural information on full or large sections of organs
with μm resolution243,245−248 to mapping in 3D the cellular
organization of large areas of brains or lungs (from mice or
human origin) with outstanding resolution241−244 and
collecting images from isolated cells with subcellular
resolution.237,249,250 Furthermore, as metal-based NP-based
drugs would show much higher electron densities than the
soft elements normally found in tissues or organs, it will be
possible to detect them easily in biological samples using
phase contrast techniques. Again, propagation-based phase
contrast tomography has enabled scientists to discriminate
individual barium-based NPs (used as contrast agents) and to
map their locations within isolated macrophages.237 It has
also been used to determine the distributions of barium-
labeled macrophages in lungs of healthy and asthmatic mice
(showing preferential localization of macrophages within the
alveoli and their ability to penetrate epithelial layers within
lungs, Figure 9).241 Interestingly, propagation-based phase
contrast is highly dose efficient, and the size of the volume
analyzed can be easily controlled by changing the relative
distances between source, sample, and detector.241,243,246,251

Yet, the analysis of larger volumes normally leads to images

with lower spatial resolution. Nevertheless, as the technique is
nondestructive, it is possible to implement sequential
analytical strategies. For example, images of full organs can
be initially acquired to identify interesting areas, which can
then be analyzed at higher resolution.241,243,246,251 Thus, hard
X-ray propagation phase contrast tomography is a promising
approach to study NP-based drugs in situ at different levels

Figure 8. (a) Schematic diagram of the chemical mechanism of Ag NP toxicity to human monocytes (THP-1), showing also the XANES
spectra of Ag atoms in different oxidation states/chemical environments. (b) Single-cell imaging with 3D hard X-ray tomography
(NanoCT) to observe the spatial distribution of Ag NPs in a single THP-1 cell. Reprinted with permission from ref 22. Copyright (2015)
American Chemical Society.

Figure 9. Example of propagation-based phase contrast tomog-
raphy of a lung section from a healthy mouse where macrophages
labeled with barium NPs were instilled, showing the barium NPs
(green), blood vessel (purple), bronchial area (yellow), and the
contours of macrophages (blue). (a) Lung section mounted on
the sample holder. (b) 3D rendering of the reconstructed volume
of a large field of view of the lung section. (c) 3D rendering of
the reconstructed volume obtained from tomographic data
zooming on the bronchial area in (b). (d) Detail of barium-
labeled macrophage highlighted in (c) from two orientations
showing the internal distribution of the NP. Reprinted with
permission from ref 241 under a CC BY-NC-ND 4.0 Interna-
tional License. Copyright 2015 Nature Research.
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(i.e., from the cellular level to full organs or small animals)
with a single technique. There is however concern that X-ray
phase contrast imaging may suffer from increased required
radiation doses.252

As shown in Figure 9, there is potential for in situ studies
in vivo, at least in animals. Au NPs are attractive as CT
contrast agent because of their strong X-ray attenuation,
flexibility for surface functionalization, and biocompatibility.
Wen et al.253 studied kinetics of Gd-loaded dendrimer-
entrapped Au NPs and monitored the accumulation of
contrast in several organs over 45 min post-intravenous
injection in rats using micro-CT. Zhang et al.254 demon-
strated an accumulation of a contrast agent in tumor tissue.
They used a multimodal imaging nanoprobe by co-loading an
aggregation-induced fluorescent dye (NPAPF) and Au NPs
into FDA-approved micelles. The combination of fluores-
cence and micro-CT results in a probe with high sensitivity
(fluorescence) and high spatial resolution (micro-CT). Of
course, it does not yet overcome the limitation of restricted
penetration depth of fluorescence imaging, but for small
animal studies, this is not a crucial problem. Use of such a
probe may be useful for testing strategies for enhanced
sensitivity using synchrotron radiation. For translation to
human imaging, the fluorescent marker could be replaced for
example, by a SPECT label, as demonstrated in a study by
Xu et al.255 Their Au/99mTc-PEG-RGD dendrimer entrapped
NPs can be used as a nanoprobe for targeted SPECT/CT
dual mode imaging of cancer cells in vitro and subcutaneous
tumor models in vivo.
A form of CT imaging, known as spectral photon counting

CT (SPCCT), has recently emerged as a tool for both
preclinical and clinical studies.256 Conventional CT uses
energy-integrating detectors, whereas SPCCT uses photon-
counting detectors. This approach allows characterization of
the energy profile of the beam that has exited the subject as
well as higher spatial resolution and lower radiation dose.257

Of particular relevance to this Review, SPCCT allows “K-
edge imaging” of elements ranging approximately from
cerium to bismuth. K-edge imaging provides maps of
elemental distributions within the subject and can image
more than one element at a time.258,259 This technique has
been used with cerium, tantalum, ytterbium, gold, and
bismuth NPs and for applications such as blood vessel
imaging, targeted imaging, and cell tracking.260−263 For
example, Si-Mohamed et al. reported the use of SPCCT for
tracking poly(ethylene glycol) (PEG)-coated Au NPs (Figure
10).264 While conventional CT images suggested liver and
spleen uptake, it was found by Au “K-edge” images that Au
NPs were also in the bone marrow. Other applications of Au
NPs for drug delivery, targeting, and imaging have been
reviewed by Kong et al.265

Ex vivo−in situ studies can provide important information
when linked to complementary studies in vivo. Study designs
featuring multimodal longitudinal imaging in vivo with
imaging methods permit good soft tissue contrast (e.g.,
MRI) and high sensitivity for monitoring drug kinetics (e.g.,
fluorescence or photoacoustics). These methods can be
combined with synchrotron radiation-based detailed ex vivo
assessment on intact animals or excised organs. Labels such
as Au NPs are good candidates for this approach (not for
MRI, which still provides the high-resolution anatomical
background information). For drug-delivery systems, one
needs to decide whether to label the carrier, the drug, or

both. While drug labels may alter its efficacy, there are a few
drugs that show intrinsic CT contrast, such as cisplatin and
other metal-based drugs. Oxaliplatin is a second-generation
platinum anticancer drug that has potent therapeutic effects
against several gastrointestinal cancers, and platinum (but
also other metals) can be imaged, albeit at this time point
only ex vivo, with synchrotron-based XRF.266,267 The latter
was used to study drug distributions within tumor tissue.
This ex vivo approach was subsequently also applied to
human cancer tissue specimens. Higher platinum concen-
trations in the tumor stroma were an independent predictive
factor of limited histologic response.268 These results suggest
that XRF analysis may contribute to predicting the therapeutic
effect of l-OHP-based chemotherapy by quantifying the
distribution of platinum. This result is an example of X-ray-
based 3D histology that can complement standard
histological approaches. XRF tomography was also used to
determine the 3D accumulation of LaF3:Ce nanoscintillators
in spheroid tumor models with micron resolution (Figure
11), helping to assess their capacity to act as radiotherapy
agents against solid tumors.269 In addition, XRF maps
collected using nanofocused synchrotron radiation have
enabled following not only the cellular internalization and
degradation of labile Ag particles23,24 and nanowires270 but
also other nanomaterials such as Au and Ti NPs236 and Pt-
based NP-drugs.271 In fact, XRF permits multiplexed imaging
of the distributions of different elements269,272 (Figure 11)
and provides lower limits of detection down to ultratrace
elemental sensitivity for high-Z elements. In principle, the
smallest units providing signal are individual atoms (in
contrast to fluorescence in the visible/NIR, where the
smallest unit providing signal are small molecules, i.e.,
fluorophores). Elemental mapping by XRF has been also
coupled to XAS to determine the speciation of nanomaterials
in tissue or cell samples.273

In addition, XRF can be used for imaging at scales above
the cellular level. For example, synchrotron-based XFI has
helped to study possible systemic toxicity caused by exposure
to NPs found in pollution or consumer products by assessing
ex vivo their accumulation in animal or plant tis-
sues.152,274−277 Furthermore, it was shown that XFI
computed tomography permits detection of single cells in a
Au-loaded tumor implanted in the head of an adult rat, thus
demonstrating the suitability of this technique for ex vivo

Figure 10. SPCCT images of a rabbit injected with PEG-coated,
15 nm core Au NPs, at 6 months post-injection. From left to
right: A conventional CT image, segmentation of organs of
interest (dark blue: liver, light blue: spleen, green: right kidney,
red: lymph nodes, light gray: bone structure) and a Au “K-edge”
image. Reprinted with permission from ref 264. Copyright 2017
Royal Society of Chemistry.
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studies on brain-tumor cell migration.278 Yet, for quite some
time, XFI was seen as essentially unusable for objects of
human size. This problem was overcome by a variant called
“spatial filtering”.57 The broad background exhibited by XFI
in the X-ray spectra of photons emerging from the irradiated
object originate predominantly from multiple Compton
scattering. For example, from about 1000 measured photons
within the detector-resolved X-ray fluorescence lines’ energy
range, only 1 photon is a fluorescence photon, while the
other 999 photons come from Compton scattering. In such a
case, no XFI signal can be recorded. However, especially for
larger objects, the XFI background can show strong
anisotropy if the incident photon energy is close to and

just above the K-edge of the element excited.57 With the help
of a computer algorithm, only such pixels from a large-area
pixelated detector are taken into account, yielding the highest
information density in terms of XFI signal versus background
noise. The subsets of selected pixels (hence “spatial filtering”)
show maximum imaging sensitivity, that is, statistical
significance, respectively, whereas if all pixels are taken into
account, the 1:999 ratio renders the signal unobservable
(Figure 12). Thus, future clinical XFI applications are within
reach, and this finding should trigger additional research
starting with small-animal XFI. As a first example in this
direction, in situ imaging of the natural iodine concentration
in a mouse is shown in Figure 13. This XFI method,

Figure 11. X-ray fluorescence 3D elemental maps showing the distributions of Zn and La in F98 spheroids (a,b) untreated or (c,d)
treated with LaF3:Ce NPs for anticancer radiotherapy. Axes are shown in μm. Adapted with permission from ref 269 under a CC-BY
International License. Copyright 2020 Wiley-VCH GmbH.

Figure 12. Simulated XFI spectra showing XFI signals obtained from a 30 cm-diameter water-filled sphere. (a) X-ray spectrum from the
full solid angle (4π) with X-ray fluorescence (red) Au NPs (peaks around 67 and 69 keV) are undetectable within a “sea of background
photons” from multiple Compton scattering: of 1000 measured photons, only 1 is from fluorescence, the other 999 arise from Compton
scattering (the color indicates how often a photon is Compton scattered). (b) Spectrum for the same situation, but after performing
optimized “spatial filtering”, which enables the detection of X-ray fluorescence signals from the Au NPs. Reprinted with permission from
ref 57 under a CC BY-NC-ND 4.0 International License. Copyright 2018 Nature Research.
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however, depends on the use of pencil X-ray beams with
monochromatic spectra, as provided at synchrotron-based
beamlines. Although one can perform basic research at such
facilities, translation into clinical application needs ultra-
compact X-ray sources, such as laser-driven inverse Compton
sources.279

Finally, to go from images to movies, time-lapse in vivo
recordings are at the borderline of what is possible today with
existing synchrotron technology. As biodistributions are
dynamic and the effects of drugs are described by their
pharmacokinetics, such capabilities are tantalizing and widely
anticipated. Examples were reported in living cells using low-
energy synchrotron-based Fourier-transformed infrared
(FTIR) spectroscopy.280−284 A successful transition to
working in the X-ray regime will essentially need the
development of methodologies to keep radiation damage at
tolerable levels. However, this transition might be possible to
achieve, and synchrotron-based hard X-ray phase contrast
microtomography has been used to acquire time-lapse images
of a living embryo.197,198 Furthermore, the delivery of
respiratory treatments in the lungs of mice has been recently
studied in vivo by using time-lapse phase contrast imaging
with hard X-rays produced by a compact synchrotron light
source (CLS).285−287

SCATTERING EXPERIMENTS FOR MONITORING THE
TIME-DEPENDENT STRUCTURE/COMPOSITION OF
NANOPARTICLES AND THEIR ASSEMBLIES

In this section, X-ray scattering techniques with applications
in the characterization of NPs and NP-based drugs are
highlighted. While some of these techniques have only been
applied thus far to NP suspensions, their possible applications
for studying intracellular NPs etc. are also discussed. In this
direction, SAXS has been widely used and elucidates a wide
range of properties. Before describing more complex systems,
we give an overview of what SAXS can do in the analysis of
NP properties. With regard to NP size distribution, SAXS can
be applied to study NP formation and dissolution by making
use of micro- and then nanofluidic devices.288,289 For
designing reproducible experiments that yield in situ time-
resolved structural information at fast time scales, it is
necessary to build X-ray compatible microfluidic devices.
Polyimide/Kapton-only devices enable the ex vivo inves-

tigation of structural dynamics and phase transitions of a
wide range of colloidal NPs and soft matter samples down to
millisecond time scales. Such devices then can be used to
follow structural evolution in situ at millisecond time scales
using on-chip time-resolved SAXS under continuous-flow
conditions. In combination with other techniques such as
ultrafast Coulter counters,290 this approach can have major
impact on the design and formulation of amphiphilic polymer
NPs for drug-delivery systems in medicine. More sophisti-
cated reciprocal space mapping enables determining NP
atomic-scale shape evolution in situ and in operando as a
function of externally changing conditions.291−293 Concerning
shape changes, X-ray diffraction can be used to investigate
NP degradation systematically in the form of oxidation or
deactivation during catalytic reactions.294,295 Imaging techni-
ques such as CDI can provide detailed information on the
shape and shape changes of single-metal NP in the size range
of 100 nm diameter, as demonstrated previously in gas
environments.296 Ptychography can be used to follow changes
in the size and shape of NPs in liquid phase, both ex situ and
under operando conditions.183 Similar responses of the NPs
can be expected from other stimuli in the biological, wet
chemical environment. Single PtRh alloy NPs and PdRh NP
ensembles were found to dealloy by the formation of Rh
oxide when switching from reducing to oxidizing con-
ditions.297,298 Such processes may also occur in cells
electrochemically driven at room temperature when changes
in pH take place. This change has potential relevance to
biological applications, as surface-based catalysis is one origin
of NP toxicity.299,300 These technical possibilities also have
potential for the development of applications concerning in
situ observation of NP-based drugs. Simulations of in situ
CDI data of the fusion of glioblastoma cells were already
reported301 and also considered radiation damage. Once CDI
permits in situ imaging of NPs and NP-based drugs in
biological environments, these experiments will provide
important information about the states of the NP-based
drugs such as changes in size and shape and also their
effective size increases due to agglomeration. Dissolution of
the NP carrier, for example, could be observed by reductions
in size and also by changes in its shape. Time-resolved data
may offer important information, as discussed below. Loss of
the surface coating of the carrier NPs, involving, for example,

Figure 13. X-ray fluorescence imaging full-body (a) and fine scan of the thyroid region (b) of a mouse. The euthanized mouse was placed
sideways with the X-ray beam impinging perpendicular to the figure plane (mouse head on the right side). The left map depicts the
number of Compton-scattered photons for each scan position. As seen, the only visible iodine concentration is the natural one found in
the thyroid with the local iodine mass in the beam volume as retrieved from data analysis (each pixel of the fine scan covers an area of
0.25 mm2 and shows the amount of iodine Kα fluorescence photons). These data were recorded at Deutsches Elektronen-Synchrotron
(DESY) by C. Körnig, O. Schmutzler, Y. Liu, T. Staufer, A. Machicote, Beibei Liu, W. J. Parak, N. Feliu, S. Huber, F. Grüner and have
not been published previously. Experiments involving animals were carried out in accordance with the Institutional Review Board
“Behörde für Soziales, Familie, Gesundheit und Verbraucherschutz” (Hamburg, Germany).
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attached pharmaceutical agents and ligands, might be
detected by the onset of agglomeration. While such ideas
(i.e., to investigate the state of NPs in biological environ-
ments by measuring their effective hydrodynamic diameters)
are also explored with other techniques,302 a fundamental
understanding of the interpretation remains lacking.
At the next level, SAXS is helpful in investigating NP

assemblies. For “uncontrolled” assemblies, aggregated NPs
give rise to diverging SAXS intensity in the direct beam
direction, while distributed NPs show a plateau, which allows
model-free extraction of the NP diameter. The exact length
scale that can be probed by SAXS depends on X-ray
collimation and X-ray wavelength. Conservative values for
standard university lab sources using Mo X-ray radiation
range from ca. 1 to ca. 50 nm.303 The exact limits for a given
sample depend on signal-to-noise ratio and the brilliance of
the X-ray source. Synchrotrons can reach much more extreme
values, that is, in ultrasmall-angle X-ray scattering, in which
length scales of several microns have been probed in dental
composites,304 bridging the gap all the way to optical
microscopy. An interesting recent development from the
medical point of view is the use of high-energy X-rays of 50
keV and higher. In this regime, absorption due to the
photoelectric effect is small. Since the Compton effect at
higher X-ray energies affects mainly back scattering, there

should be little influence of Compton scattering on the SAXS
pattern, as previously shown for X-ray reflectometry.305 Thus,
it seems possible to apply highly collimated high-energy X-ray
beams for medical SAXS diagnosis of rather large tissue
sections of 10 cm thickness (i.e., full organ size). Never-
theless, this measurement would require developing methods
capable of dealing with the low coherent scattering signals
obtained from soft tissues at such high energies, which would
be further attenuated by multiple scattering in thick samples.
Even more information can be obtained from “controlled”

NP assemblies. Biomimetic NP assemblies can be conven-
iently investigated with synchrotron SAXS (Figure 14).306

For instance, Xia et al. self-assembled self-limiting mono-
disperse supraparticles (SP) from polydisperse NPs.307 For
the majority of the NP assemblies forming spontaneously in
bulk solution, self-organization occurs continuously until the
components are exhausted and the NPs form a dry crystal,
complex solid, or precipitate. A self-limiting self-assembly
process would be conceptually different from currently known
self-organization reactions. Because self-limiting structures are
common in biological systems, the realization that using
inorganic NPs might lead to unexpected parallels between the
world of inorganic colloids and biomacromolecules. By
conducting synchrotron SAXS, a distinct scattering pattern
was observed and confirmed monodispersity in the large

Figure 14. Example SAXS experiment to study the structure of a microporous nongraphitic carbon material. (a) Schematic showing the
normal setup of a SAXS instrument. (b) Intensity versus scattering vector curve plot (log−log scale), highlighting morphological (low Q
ranges), microstructural (intermediate Q ranges), and structural (large Q ranges) features of the material probed by the technique. (c)
Intensity versus scattering angle 2θ plot (linear scale) of the same spectrum, which is normally used for PXRD. Reprinted with permission
from ref 306 under a CC BY-NC-ND 4.0 International License. Copyright 2019 Elsevier.
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ensemble of SPs in solution. The corresponding diameters
and dispersibility of the SPs calculated from SAXS data
matched the TEM, SEM, and dynamic light scattering (DLS)
data. Together, they determine the sizes of SPs both in
solution and in dry state and observed dense packing of the
NPs. Data fitting using three different form factor models
revealed a core−shell sphere as the most likely possibility.
Fitting SAXS curves yielded the number of NPs in a single
SP and the thickness of the shell, along with a loosely packed
core and more densely packed outer shell. All these SAXS
results give insight into the potential effects of different forces
in self-limiting assembly.307 Related work by Merkens et al.
addressed formation of Au NP clusters within a microfluidic
chip, driven by hydrophobic interactions.308

X-ray techniques are popular in investigating principles in
biomimetic nanocomposites. In layer-by-layer (LbL) assem-
bly, Podsiadlo et al. investigated the effects of combining
polymers and NPs (clay nanosheets), both components with
strong tendencies toward self-organization, into a single LbL
assembly.309 They found diffusional self-organization in
exponential LbL films on the micro- and nanoscale. SAXS
was employed to reveal the morphologies of the LbL films. In
films that did not contain clay nanosheets, only diffuse
scattering from the polymer was observed. Clay nanosheets
spontaneously adsorb almost exclusively in orientations
parallel to the substrate.310 In the film containing clay, a
sharp peak corresponding to basal spacing for Na+-
montmorillonite was shown, and a less prominent peak to
a larger basal spacing indicated significant intercalation of
polymer between the clay sheets. No distinct peak was
observed in another film with clay nanosheets, demonstrating
intercalated basal spacing or exfoliation of clay platelets. All
these results were helpful in determining the morphologies
between the multilayers.309 Another interesting case study
was done by Zhang et al. in fabricating fibers with high
toughness.311 The materials architecture with alternating
layers of hard inorganic components and soft organic
polymers effectively arrests the propagation of cracks. Further
improvement of toughness in biomimetic nanocomposites is
restricted by the low strains of composite materials. The
combination of two structural motifs at different scales
(nanoscale and microscale) was designed to increase both the
stretchability and toughness simultaneously. They trans-
formed flat nacre films into fibers that combine layered
nanoscale and spiral microscale structural motifs. Synchrotron
SAXS was used to check the enhanced alignment. Since
polymers scatter X-rays weakly, the diffraction peaks
originated from the graphene nanosheets. The belt-like fibers
without sharp scattering peaks indicated poor alignment of
the nanosheets. The nearly perfect nacre-like layering in the
transverse direction of the fiber yielded sharp peaks after
initial twisting. Further twisted coiled fiber resulted in an
absence of sharp peaks. All three fibers showed monotonic
intensity drops, indicating the uniform dispersion of graphene
in the poly(vinyl alcohol) (PVA) matrix.311

Chiral NPs or assemblies with intrinsic geometries that lack
inversion symmetry, or with imprinted optical activity
attributed to chiral ligands, have recently garnered significant
attention for controlling biorecognition and optical sens-
ing.312−314 Chirality determines many structure−function
relationships in nature at many levels of biological
organization. Omnipresent chiral properties in biology inspire
and necessitate further studies of chirality of nanoscale

materials due to many structural parallels between nano- and
biomaterials as well as multiple biomedical applications of
NPs. Typically, electronic circular dichroism (CD) in
molecules ranging from individual amino acids to hierarchi-
cally more complex peptides, proteins, and oligonucleotides is
analyzed using UV light, which is incompatible with living
cells. However, chiral NP systems have been shown to exhibit
significantly enhanced CD at optical and near-IR wavelengths,
offering more sensitive and selective routes toward driving
enantioselective intermolecular reactions,315 facilitating higher
NP−biomolecule affinities and tuning polarization-dependent
light−matter interactions.316 Indeed, the emergence of
chirality in NPs increases their tendency to interact with
specific biomolecules featuring similar chirality, a critical
condition in drug discovery and delivery, and can also
promote further remodeling of NPs by these species. While
chiral discrimination can be applied with in vitro sys-
tems,317−319 in vivo will be substantially more challenging,
but engineered orders-of-magnitude enhancements in achiev-
able optical electromagnetic density of chirality in plasmonic-
and dielectric-based NP systems may enable discernible chiral
hotspots to be detectable in imaging and spectroscopy.320,321

Experiments including synchrotron SAXS and XRD can be
employed in many chiral nanostructure studies. For direct
resolution using X-ray techniques, inversion asymmetric
crystallinity of NPs or surface reconstruction with chiral
ligands may show polarization-selective scattering, enabling
tracking of enantioselective chiral drug delivery, NP toxicity,
and protein corona formation.322,323 In another study, Yan et
al. self-assembled chiral NP pyramids with strong R/S optical
activity.324 They applied synchrotron SAXS combined with
DLS data to give evidence for the actual space occupied by
the NPs and their assemblies in “wet” states. This insight can
help elucidate the degree of expansion upon hydration as well
as the ensemble composition of the dispersions. By looking at
SAXS features located at different scattering vectors, one can
obtain information about different nanoscale superstructures
in terms of size, shape, and conformation.324 Jana et al.
twisted stacking nanoplatelets to self-assemble into chiral
ribbons.325 All SAXS patterns of the dispersion at all three
different steps of self-assembly displayed two scattering peaks
whose position does not change over the whole process,
confirming that the nanoplatelets remain stacked and the
stacking period keeps constant.325 Jiang et al. self-assembled
hierarchically organized particles with greater complexity;
SAXS served as a significant tool to substantiate the atomic
structure of Au-Cys nanoribbons along with density func-
tional theory calculations and XRD data.326 Ahn et al.
investigated the effects of chemical modification on the
chirality of organic inorganic hybrid perovskites.327 They used
XRD to show the shift of a peak at the smallest 2θ angle
(interlayer spacing of lead halide layers), ascribed to the
phase transition of the crystalline structure due to the
modulation of halide anion mixing ratio.327

As discussed above, such local scattering can be involved in
X-ray imaging. Originally, X-ray-based scattering techniques
were developed for bulk samples. However, by using low-
emittance synchrotron sources with diffraction-limited storage
rings, both from the current third-generation (i.e., DESY or
NSLS)328,329 and increasingly from the fourth-generation
instruments,330−333 nanofocused beams providing increased
photon flux and coherence are possible, and thus scattering
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can be carried out locally with high spatial resolution,
enabling improved imaging modalities.
SAXS is particularly useful for studying nanoscale

morphology in complex environments.334 Examples range
from plant and bone structures up to brain and breast tumors
and cardiac tissue.335−338 By combining scanning approaches
along the x−y plane, rotation around the tomographic axis
(y), and tilting around the x axis, SAXS serves as a
tomography technique.339−342 SAXS-computed tomography
(SAXS-CT) bridges the gap between information retrieved
from high-resolution local techniques and information from
low-resolution, large field-of-view imaging techniques when
some hierarchical structure is present. Figure 15 shows the
schematic procedure for SAXS-CT from the data acquisition
to the volume-resolved architectural nanostructure, passing by
the choice of the q-value for reconstruction. Detection of NPs
in soft tissues by SAXS is efficient if the electron density of
embedded NPs is higher than the hydrocarbon matrix, that is,
oxide, semiconductor, or metal NPs are easy to detect in soft
tissue matrices. Information that can be readily extracted
from such measurements includes the NP size distributions,
NP shapes, pair distances between interacting NPs due to
molecular interactions,343,344 and aggregation states.345 These
structural parameters can also be spatially resolved by
applying the reverse analysis approach to the SAXS
tomograms.342

A number of X-ray diffraction or scattering techniques can
also generate cell images capable of showing the structure of
different organelles with high resolution. Such imaging
techniques have been extensively discussed in a recent
review.154 Combinations between those and other X-ray
imaging techniques can help probing NPs in cells. In
particular, correlative imaging of chemically fixed HeLa
cancer cells by fluorescence (optical) microscopy, diffrac-
tion-based ptychography, and STXM using X-rays tuned to

the Fe L-edge were effective in determining the specific
cellular localization of individual Fe NPs, showing that
particles were internalized by cells in <30 min.189

It should also be possible to observe the interactions of
NPs with cellular membranes directly. X-ray reflectivity
(XRR) can be utilized to analyze the adsorption behavior
and conformational arrangements of proteins on biomaterials
surfaces.346 XRR furthermore permits the characterization of
the lipid-induced fibrillation at the molecular level.347 The
assembly of ligands on NP surfaces can be tested in
comparatively simple experiments on planar surfaces using
XRR. The XRR technique enables us to probe the
attachment and penetration of NP-based drugs through
model cell membranes containing lipids and proteins and, in
turn, may aid our understanding regarding various physio-
logical functions such as cellular transport, signaling,
membrane trafficking, and molecular recognition. For these
studies, a Langmuir monolayer of lipids is formed on the
water surface, and high-energy synchrotron X-rays are used
for XRR and related measurements to cover a larger
momentum-transfer (q) space (Figure 16).348 Apart from
measurements on the liquid surface, one can also collect XRR
data from solid surfaces immersed in liquid using high-energy
X-rays. This method becomes particularly helpful as X-rays,
which can penetrate through the thick water bath over the
membrane.349 The electron density profile (EDP) obtained
from XRR measurements and pressure molecular area data of
Langmuir monolayers over water surfaces have demonstrated
membrane localization of heme.348 Heme and its analog
hemin, are among the most biologically relevant planar
organic molecules. Therefore, it is important to understand
the molecular mechanism of intercalation and adsorption of
this cytotoxic molecule after its dissociation from proteins
such as hemoglobin. Continuous hemin uptake from the
subphase and intercalation into and/or adsorption on to the

Figure 15. (a) Phantom for SAXS tomography: Dried collagen (anisotropic scattering) and 120 nm SiO2 nanospheres (isotropic
scattering) inserted in a homogeneous matrix of RW3 solid water (PTW Freiburg, Freiburg, Germany), which simulates water. (b)
Tomographic data set for pencil-beam geometry. (c) Depending on the q-value choice, some structure is highlighted. In this case,
reconstructing at q = 0.23 nm−1 emphasizes the SiO2 nanospheres, while if the signal from collagen is desired, the reconstruction is
carried out at the q = 0.59 nm−1. (d) 3D view of the SAXS-CT phantom from the top and the side. These data were recorded at the
beamline BL40B2 at the Spring-8 synchrotron source for this work by Andre L. C. Conceica̧ ̃o and have not been published previously.
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membrane surface have been witnessed in a strong membrane
surface packing-specific manner. Competitive interactions
between hemin−membrane and hemin−hemin are proposed
to be responsible for the critical hemin concentration.
Systematic studies of the EDP showed that up to the limit,
continuous hemin uptake is possible and beyond that the
hemin−hemin interactions dominate, effectively reducing the
hemin intercalation into the membrane. The technique
developed could be easily adopted for NP-based drugs by
putting them in the subphase to study uptake and
orientation-specific attachment in the Langmuir monolayer
of bioengineered membranes. Two lipids, namely 1,2-
dimyristoyl-sn-glycero-3-phosphocholine and 1,2-dimyristoyl-
sn-glycero-3-phosphoethanolamine, with differences only in
their head groups, were studied to understand the specificity
of a model protein spectrin for zwitterionic lipids,349 which
constitute the major part of the physiological membrane.
Spectrin is a high-molecular-weight, ca. 100 nm-long, flexible
rod-like protein composed of two subunits. Similar measure-
ments could be carried out to model NP-based drug
attachment and penetration of appropriately engineered
biomembranes. X-ray reflectivity is a powerful non-invasive
technique to determine the buried structure of thin films
along the depth,350 and the extracted EDP from the
reflectivity analysis showed that spectrin chains form a
uniform layer on top of the phosphocholine-containing
bilayer, whereas spectrin gets adsorbed into the phosphoe-
thanolamine-containing membrane, possibly through one or
two permanent binding sites with the rest of the chains
projected out of the membrane.

SPECTROSCOPIES TO INVESTIGATE
BIOTRANSFORMATION OF NANOPARTICLES IN
BIOLOGICAL ENVIRONMENT
Spectroscopies also provide information regarding the
chemical states of NPs. Exposure of nanomaterials to
biological fluids can affect the surface properties of NPs.
Such effects often occur at the outer surface (e.g., loss or
rearrangement of capping ligands) and may affect solubility,
aggregation, and interactions with their environment. These
effects can also happen at the cores of the NPs (e.g.,
dissolution, remodeling). These changes are especially
significant for small NPs having size- and shape-dependent
properties, since dissolution of even a few outer layers of the

NP core and modifications to the faceting or shapes of
plasmonic NPs can dramatically alter their behavior. Ex situ
XRD and TEM can provide information about changes to the
NP cores that are permanent and therefore do not revert
back to their original state. Since NPs are rarely employed in
their pristine forms, dynamic exchange of corona proteins,352

or the ligands that serve in a protection role with the
surrounding medium, is expected for almost all types of NPs.
Continuous interplay with biomolecules in biological environ-
ments gives NPs different bioidentities.352 Some biomolecules
also induce variations in surface properties (charge, hydro-
phobicity, etc.), roughness, and local chemical environment of
NPs, cause dissolution/degradation, and ion leaching of NPs,
subsequently generating ROS and oxidative stress, which
eventually can cause toxicity to cells.353,354 To reveal such
processes, imaging surface plasmon resonance (ISPR) is
frequently leveraged,355,356 in which the loss of previous
ligands indirectly causes shifts in the optical resonance peaks
of the NPs through remodeling the local refractive index.
Kinetics of ligand exchange or loss can further be derived
from time-dependent ISPR profiles to give insight into the
interplay of coated NPs with the surrounding biological
fluids.357 Under dark-field illumination, ISPR has a resolution
down to the level of an individual NP.358 Major limitations of
ISPR characterization include the inability to reflect the
kinetics of multiple ligand loss and dynamic processes, as
witnessed during the establishment of the soft protein corona.
In the presence of persistent ligand loss, there stands a
chance for the NP itself to be influenced, in which the
remodeling of surface roughness is likely to be observed.
Under such conditions, under-coordinated atoms (referred to
as adatoms) are more prone to oxidation or atom-exchange
with respect to their fully coordinated counterparts.359 The
dynamic processes of surface roughness variation can be
visualized by using in situ liquid-TEM imaging. An updated
modality of a gas-supplement equipment might even enable
this system to image living cells at nanometer resolution.360

Beyond projections, reconstruction of the whole NP through
tomographic TEM (3D TEM) permits the view from varying
directions to reach unbiased conclusions.361

The interactions between X-rays and matter are deter-
mined by the elemental composition of the matter and the
energies of the photons. Hard X-ray spectroscopy involves
promoting a core electron of an atom to unoccupied levels by
absorption of the incident X-ray photon, followed by
emission of a lower energy photon during electron decay
to fill the hole. Both XANES (also called NEXAFS at
energies below 1 keV) and EXAFS can provide quantitative
information about chemical bonding, the oxidation state of
the absorbing atom, the local atomic environment such as
coordination number, type, and length of the metal−ligand
bond, independent of the state of aggregation (NPs, ions,
clusters).153 Thus, they are not only used to study the
molecular reactions preceding the nucleation of colloidal NPs
but also can be applied to investigate NP assembly and NP
uptake by cells and related toxicity.
Supramolecular assemblies have been characterized using

XANES. For example, Kenji et al. were inspired by
coordination assemblies of organic building blocks, which
occurred in many biotic systems, and these systems attained
exemplary performance in redox and photonic reactions
optimized for the cellular environment.362 Synchrotron
EXAFS was used to help establish the coordination pattern

Figure 16. Typical arrangement for X-ray reflectivity and related
measurements in a synchrotron experiment. Reprinted with
permission from ref 351. Copyright 2019 American Chemical
Society.
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of Zn2+ and the supramolecular geometry of the interparticle
bridges. Fourier-transformed XAFS plots of Zn2+ in the
nanoscale sheets were found to be nearly identical to that of
[Zn4(μ4-O)]

6+SP clusters in zinc stearate, indicating that the
coordination clusters in nanosheets have the same coordina-
tion geometry with Zn2+ stearate. These results, along with
additional complementary experimental data sets (XRD,
EDX, etc.), demonstrate that the assembly was driven by
coordination bonds rather than other intermolecular
forces.362

Nanoparticles can be related to their catalytic properties,
such as in the case of metal NPs.363,364 Metal clusters and
metal complexes show a number of chemical and catalytic
activities that can be explored by a combination of optical
and X-ray spectroscopies. Examples are entatic state model
complexes showing catalytic activity due to charge and
electron transfer between the metal center and its ligand
sphere. Studies involve the activation of catalytic activity by
optically exciting metal complexes and probing them by
means of EXAFS and XANES, raising the possibility of
studying photoactivated complexes in operando.188,365 The
photocatalytic activity of Cu-based metal clusters has been
studied through such combinations of optical and X-ray
spectroscopies.366 These studies involved the activation of
catalytic activity by optically exciting metal complexes and
probing them by means of EXAFS and XANES. The XAS
showed shifts in the XANES edges due to changes in the
metal oxidation state, while EXAFS tracked local changes of
the structural environment surrounding the metal site. The
complementary use of optical and X-ray techniques enabled
the study of a wide range of different time scales.188 Such
studies could also be carried out in cells. For example, the
genotoxicity of Ag NPs has been investigated by testing the
DNA and chromosomal damage to CHO-K1 cells according
to Organization for Economic Cooperation and Development

guidelines, and a ROS and Ag+-releasing mechanism was
proposed (Figure 17a).367 Further, as discussed above in a
different context, Chen et al. (and others) reported the
intracellular stability and chemical state of Ag NPs with the
help of XANES spectroscopy (Figure 17b), together with a
degradation study, proved the quick dissolution of Ag NPs
inside cells and that the released Ag+ was oxidized to Ag−O−

species, subsequently stabilized by thiol groups, forming Ag−
S bonds within the cells. The degradation of Ag NPs inside
cells increased ROS production, decreased cell viability, and
decreased the ultimate toxicity to cells.20,23,24 This ion-
releasing and redox-related mechanism of toxicity has also
been found in ZnO2, CeO2, and other metal oxide NPs.368,369

Thus, XANES spectroscopy is a powerful method to study
the oxidation states of NPs inside cells, ion release, and
surface redox and oxidative stress-related mechanisms of
toxicities. This information can aid the safe design of NPs by
inhibiting the dissolution of metal ions of NPs or to
modulate oxidative stress.370−372

In another example, Gong et al.373 applied XANES and
EXAFS to investigate the behavior of dispersed Au atoms in
distinct carbon-dot-supported Au NPs. They found that
dispersed Au atoms in NPs, compared with small Au clusters,
enable to react efficiently with glutathione (GSH) to form
Au−S bonds and to reduce the GSH levels in cells. Taking
advantage of XANES and EXAFS, researchers observed the
dispersion of Au0 as a peak at ∼2.5 Å and confirmed that the
GSH depletion is due to the atomic-level dispersed Au, which
highlights the potential of atomic economy in NP design.
Thus, by deciphering the chemical mechanism of NP−bio
interactions, X-ray-based spectroscopy could provide insights
into cellular regulation with NPs.
Today’s questions in NP research and particularly in

toxicity in human tissue go far beyond studying oxidation
state. In this context, studying the electronic structure of the

Figure 17. (a) Schematic illustration of the mechanism of toxicity of Ag NPs. Adapted from ref 22. Copyright 2015 American Chemical
Society. (b) Different chemical species of Ag as indicated in normalized Ag L3-edge XANES. Reprinted with permission from ref 22.
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central metal atom (M) and differentiating between various
metal ligands (e.g., carbon, nitrogen, oxygen) during NP
uptake is important. However, conventional hard X-ray
spectroscopy is not able to distinguish between M−C, M−
N, and M−O ligands. This limitation could be circumvented
by the recent implementation of high-energy resolution
spectrometers, which provide a superb opportunity to access
the types, protonation states, and ionization energies of
ligands bound to metals.374−376 Moreover, with the same
experimental setup, high-energy-resolution fluorescence de-
tected-XANES and X-ray emission spectroscopy (XES) can
provide complementary information about the highest
occupied and lowest unoccupied electronic states. Thus far,
the method was successfully applied to shed light on weak
noncovalent bonding of CO2 to NPs, the roles of a central
carbon in the nitrogenase iron−molybdenum cofactor, and
photocatalysis.377−379 Furthermore, the implementation of
high-energy-resolution spectrometers facilitates measurements
of hard X-ray magnetic circular dichroism combined with
resonant inelastic X-ray scattering (RIXS-MCD) on magnetic
NPs relevant in biomedical applications as contrast agents.
The RIXS-MCD method enables the determination of the
size distributions of superparamagnetic iron oxide NPs in
frozen samples and in concentrated solutions, which are
below the detection limits of light-scattering probes.380−382

An alternative method to monitoring oxidation and spin-
state changes is XES, which spectrally disperses the X-ray
fluorescence beyond elemental sensitivity and records spectral
emission line-shapes of Kα and Kβ emission. These shapes are
characteristic of the oxidation and spin states and of the
chemical environment of the NPs.383−386 The high resolution
of XES enables elemental determination, and XES greatly
benefits from not requiring monochromatic X-ray radiation,
as needed for XANES spectroscopy (the latter typically
operating at bandwidths, ΔE, relative to the photon energy,
E, of ΔE/E ≈ 10−4), thereby exploiting the full flux of many
X-ray sources, such as undulators at synchrotron radiation
facilities. Indeed, XES is particularly well suited for heavier
elements in solution and cellular phases because the total
fluorescence yield greatly increases from ∼1% for light
elements (C, N, O, etc.) versus ∼30% for 3d transition metals
(Mn, Fe, Co, etc.) to >80% for 4d and 5d transition
metals.387 Spectral filters can further reduce fluorescent

background from organic matter. X-ray emission is widely
used in analytical techniques such as proton-induced X-ray
emission388 and is often combined with monochromatic X-
ray sources to study NPs with resonant RIXS, statically and
dynamically.383−386 With advances in relatively simple high-
resolution spectrometers and fast line and area detectors,
pink-beam sources can provide a high chemical specificity if
required or increased flux at lower spectral resolution,
providing sufficient elemental sensitivity to distinguish heavier
elements in NPs from organic matter. The development of
microcalorimeter pixel arrays with high spectral resolution is
relatively recent in the field of X-ray spectroscopy and has
great potential for combining X-ray emission spectroscopy,
multiplexed recording, and even imaging.
Finally, classical X-ray-based spectroscopies, such as XPS,

provide information about the surfaces of NPs. XPS has been
used to probe the degradation of labile and stable NPs (Ag
and Pt, respectively), once internalized by cancer cells.389

The results showed that in 48 h, only 30% of the stable Pt
internalized was oxidized (to PtII or PtIV), while all of the
labile Ag NPs were degraded in the same time (forming
inside cells nanoclusters, AgO, AgS, or AgCl species).
In parallel to the advantages outlined in the previous

section on scattering techniques, through the use of
synchrotron sources (especially from the fourth genera-
tion),330−333 X-ray spectroscopy can be carried out locally
with high spatial resolution, giving way to improved imaging
modalities.

METHODS FOR OBSERVING THE COLLOIDAL
PROPERTIES OF NANOPARTICLES IN BIOLOGICAL
ENVIRONMENTS
When coherent X-rays are scattered from disordered samples,
such as an assembly of NPs or proteins, the photons
scattered by the individual objects interfere and give rise to
characteristic modulation of the scattered intensities. These
patterns, usually referred to as speckle patterns, contain
information about the exact spatial arrangement of the
individual sample objects. Movements of the sample lead to
corresponding changes of the scattering pattern. These
changes can be quantified by calculating the time intensity
autocorrelation function g(q,τ) = ⟨I(q,t) × I(q,t + τ)⟩/⟨I(q)⟩2

for a given point of the scattering pattern, a technique known

Figure 18. (a) SAXS pattern of an aqueous dispersion of 50 nm-diameter Au NPs. (b) Autocorrelation functions g(q,τ) for different
scattering vectors q. The autocorrelation function was fitted by a diffusion model g(q,τ) ∝ exp(−2 × Γ(q)) with Γ(q) = D(q) × q2 + c).
The diffusion coefficient D was fitted from the Γ(q) data, leading with the Stokes−Einstein equation (assuming 22 °C and using the
viscosity of water) to an effective hydrodynamic diameter of 66 nm. These data were recorded at Deutsches Elektronen-Synchrotron
(DESY) for this work by X. Sun, F. Otto, C. Sanchez-Cano, N. Feliu, F. Westermeier, and W. J. Parak and have not been published
previously.
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as XPCS,158,390 the X-ray analogue of DLS. As an ensemble-
averaging technique, XPCS allows for measuring the
dynamics of all objects scattering at a particular length
scale. In the simplest case of unhindered Brownian motion of
a colloidal NP, the hydrodynamic diameter can be directly
obtained, which changes depending on the state and
surrounding medium of the colloidal NPs,161 as shown in
Figure 18. It thus offers the possibility of monitoring colloidal
stability or the size of a shell of adsorbed proteins, which
slows down the free diffusion of a single NP. Moreover,
XPCS gives access to dynamics that are directly associated
with a certain length scale in a sample by the momentum
transfer wave vector q. In the case of NP internalization by
endocytosis/phagocytosis, hindered NP movement can be
observed by q- and thus length-scale-dependent measure-
ments.
The advent of fast 2D X-ray detectors with framing rates in

the milli- and even microsecond time ranges offers the
possibility of observing direction-dependent dynamics by
XPCS,391,392 which is beneficial in flowing systems or in
directionally ordered structures as can be ubiquitously found
in biological specimens, starting from individual cell
organelles like the Golgi apparatus, individual cells like
myocytes, up to complete organs like the heart. Changes in
the dynamics, due, for example, to colloidal disintegration or
the adsorption of proteins, can be tracked by calculating the
two-time intensity correlation function g(q,t1,t2), which gives
access to nonstationary dynamics and thereby enables
following the temporal evolution of sample systems.393 One
major challenge of most X-ray-based techniques, and in
particular XPCS experiments, when applied to biological
samples systems, is beam damage (see below for details about
this topic). One possibility for minimizing damage is to
employ XPCS based on speckle visibility, where the
degradation of a speckle pattern is observed as a function
of illumination time. As each measurement can be performed
on a fresh sample spot, this greatly reduces the dose to the
sample.394,395 In principle, measurements in this direction
could offer in situ monitoring of NP degradation (which
would leads reduced diameters) or changes in surface
chemistry, which would change the state of agglomeration
and thus alter the effective hydrodynamic diameter. In
particular, colloidal stability of NP-based drugs in biological
environment containing salt and large amounts of proteins
(e.g., in blood) could be monitored.
Until now, XPCS has been used primarily to study the

dynamics of colloidal glasses, gels, and polymers.396 In
analogy to such systems, biological soft matter exhibits
complex dynamics over many time and length scales,
including nondiffusive, anisotropic, and spatially and tempo-
rally heterogeneous dynamics.397 Studying and understanding
these dynamics, ranging from localized fast rattling-like
motions of, for example, spatially confined NPs to slow
network dynamics, could help to assign characteristic
dynamic “signatures” to different cellular compartments and
binding states. Beyond the state of the NP and its ligand shell
in response to the complex environment mentioned above,
analyses on the ensemble level are possible that quantify and
characterize the fraction of localized NPs, as has been shown
for gel-forming Au NP suspensions.398 Although the under-
lying questions in studying colloidal glasses and gels versus
biological soft matter are quite different, the capability of
XPCS to develop a complex microscopic picture of the

system under study offers exciting possibilities. The increasing
quality of photon sources, in particular with the advent of the
fourth generation of synchrotron sources, in terms of
coherent flux and coherence lengths helps to improve the
signal-to-noise ratios, thus allowing XPCS studies of weakly
scattering samples, as demonstrated recently for concentrated
lysozyme solutions.399 Modern free-electron lasers (FELs)
have superior coherence properties and high-repetition rates
that result in outstanding temporal resolution.399 However,
the high brilliance and ultrashort pulse lengths lead to
radiation damage being a severe problem beyond single-shot
studies. Nevertheless, FEL-XPCS studies of radiation-sensitive
samples have been demonstrated and are therefore also
conceivable for biological systems.400

First steps using related techniques have already been
applied for monitoring the release of drugs from carrier NPs.
In recent years it has been realized that the cellular
distribution and delivery of NPs to cells under in vitro and
in vivo conditions can be very different, primarily due to shear
stresses generated by the fluid flow inside the body.401−405

The shear stress generated by the blood flow through a
healthy artery is ∼1 Pa. As the stress generated is inversely
proportional to r3 (r being radius of the vessel), the shear
stress is enhanced by almost 1 order of magnitude (∼10−20
Pa) in stenosed vessels. The fluid shear stress contributes to
regulating specific cellular processes and determines the
efficacy of intracellular drug delivery. The interactions of NPs
with cells depend on NP composition, charge, concentration,
and shape as well as on the types of cells. In general, cationic
NPs interact more strongly with cells due to negatively
charged groups on the cell membrane406 (although this may
not be true for bigger particles),238 and shear stress can
further stimulate this interaction. The shear stress can affect
ligand−receptor adhesion for NPs to cells, resulting in altered
cellular uptake of the NPs and hence varied drug delivery. In
recent years, mechano-sensitive drug delivery systems have
been demonstrated where payload is released under enhanced
stress. It has been suggested that shear-based drug delivery
can be more powerful than biological and chemical methods,
especially in conditions such as atherosclerosis where disease-
specific markers are not well identified. Two routes have been
demonstrated: (i) Shear-activated nanotherapeutics, where
supraparticulate NPs (of the size of natural platelets) are
composites of smaller NPs (with drugs), which are stable
under normal blood flow, but break into individual NPs
under high local shear stress in an obstructed region, thus
delivering the drug or drugs.405 (ii) Vesicles loaded with
drugs change their shape from spherical to lenticular shapes
at elevated shear stresses in semiclogged portions, thus
releasing drugs either due to pore formation or disruption of
the vesicles (Figure 19).402 The exact mechanism can vary
with the nature of the instabilities of the vesicles under shear
stress. This discussion highlights the importance of fluidic
shear stress both in tuning the cell-NP interaction as well as
in targeted drug delivery. X-ray-based techniques like SAXS,
XPCS, and X-ray fluorescence correlation spectroscopy in
microfluidic devices, which emulate in vivo environments by
mimicking fluid flow conditions of the body (including
flexible channels and pulsating flows), will provide real-time
structure and dynamics information on the interaction of the
NPs carrying drugs to cells. Another exciting possibility is to
use in situ grazing incidence X-ray diffraction from a
monolayer consisting of NPs and cells at the air−water
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interface undergoing shear in an interfacial rheology setup.
An experiment of this type has recently been demonstrated,
wherein changes in the lipid−protein monolayers were
quantitatively studied as a function of shear stress.407

CHALLENGES FOR THE APPLICATION OF
X-RAY-BASED TECHNIQUES TO BIOLOGICAL
SAMPLES: RADIATION DAMAGE
Although X-ray-based techniques are promising tools to study
NP-drugs and other nanomaterials in situ, there are still issues
that must be addressed before they can be used to their full
potential. For example, there is a lack of suitable labeling
methods that enable detecting simultaneously the different
components of NP-drugs. Moreover, while probing the
variations in the chemical properties of metal nanomaterials
using XAS with nm resolution has been possible in
vitro,148,408−412 its application to biological samples has
been limited due to concentration and sensitivity issues.
Using longer acquisition times to obtain meaningful spectra is
not always possible, as it normally causes unwanted radiation
damage. Also, to achieve time-lapse in vivo recordings using
X-rays, the challenge is to keep organisms alive; prolonged
excitation time can lead to significant beam damage to
biological samples. In particular, it remains a great challenge
to track the fate and degradation/transformation of NPs in
vivo, as the pristine NPs may break down and corrode into
smaller NPs, clusters, molecules, or ions, due to the cellular
and biomolecular interactions under the biological settings.
Thus, concerning long-term tissue penetration, sometimes
only some debris from the original NPs might be able to be
translocated into an individual cell, or cells only would retain
few NPs after a long-term therapy or upon a low-dose
administration. These circumstances demand extremely high
detection sensitivity and resolution of X-ray-based techniques.
Most synchrotron-based X-ray techniques are not capable

of analyzing large numbers of samples in a short time.
Therefore, they cannot provide data from significant cell
populations, limiting the strength of results obtained to some
extent. Most of these issues are due to the experimental
approaches or set-ups currently used to acquire data using
X‑ray-based methods. As such, these limitations might be
partially or totally overcome by a series of technical
improvements currently available or in the process of being
implemented. For example, the XFM beamline at the
Australian Synchrotron can perform high-throughput analyses,
and one study analyzed the uptake of ZnO NPs with roughly
1000 cells.413 Also, large-area and solid-angle XRF detector

arrays are capable of achieving high-count rates in extremely
short times, enabling the collection of on-the-fly, real-time
elemental images or high-resolution XAS image stacks
minimizing irradiation times,414−416 while CCD-based energy
dispersive 2D detectors can be used to acquire full-field XRF
images (both 2D and 3D).417 Developments in silicon drift
detector array chips will increase throughput of the large-area,
XRF detector arrays by orders of magnitude.418 Additionally,
the fourth generation of synchrotron radiation sources
(ESRF, MAX IV, and upcoming implementation of APS-U
and PETRA IV at DESY) will provide access to much
brighter and more coherent X-ray photon beams.330−333

These advances will help to increase the sensitivity of X-ray-
based analytic techniques (e.g, sub-ppm for XRF imaging
currently).149 Moreover, such improvements can dramatically
reduce the irradiation time needed to obtain good quality
data, enabling information collecting from larger populations
and minimizing the damage to samples.
In fact, potential beam damage is one of the significant

hurdles in advancing X-ray-based analysis toward more in vivo
applications. Ideally, X-rays should be only an interrogator,
leaving the sample (e.g., the NP-based drug) and its
environment (e.g., tissue) unaffected. However, if exposure
to X-rays is too severe, it can destroy biological molecules
and damage tissues. Any radiation would be harmful,
especially in terms of cumulative dose, which accounts for
its own long-term health risks. Classified as a Group 1
carcinogen by the World Health Organization,419 any
exposure to X-rays can cause DNA mutations, genetic
damage, and further the consequent occurrence of cancers.
For instance, leukemias have long been known to occur after
detrimental radiation of several hundreds of mSv,420 but
according to the widely accepted linear no threshold model,
the risk to develop this type of cancer is assumed to increase
linearly with dose from zero, and significant effects have
recently been reported with doses as low as 50 mSv;421

although recent reports suggest that the role of radiation on
cancer risk is far more complex.422 In contrast, for general
clinical diagnosis in hospitals, the emerging risks of low-dose
X-ray radiation below 10 mGy (or 10 mSv considering RBE
= 1) are rather low, whereas the cumulative risk of cancer
from diagnostic X-ray exposure was estimated to be
approximately 0.6−1.8% to the age of 75 years.423 Never-
theless, radiation risk cannot be excluded from the young and
occupational populations.424,425 Therefore, damage caused by
X-rays is an important issue concerning its use in biomedical
applications.426 The mechanism of radiation injury depends
predominantly on the changes of biological macromolecules
with exposure to X-rays. Radiation can directly interact with
biological macromolecules and induce their ionization and
excitation, resulting in molecular structure changes and loss
of biological activity. Free radicals formed by X-rays can, in
turn, damage biomolecules and, in particular, DNA. Mean-
while, the ionized and excited molecules are unstable, and the
electronic structure within the molecules can be changed.
This process can induce decomposition of molecules and
changes in their structure, leading to the loss of biological
function, especially when chromosomal DNA is affected.
Importantly, in the study of living organisms, radiative

injury depends on many factors, including exposure-related
factors (e.g., the irradiation time, dosage, fractionation, the
size of the exposed area, and its site) and biological factors
(e.g., physical structure, hormonal status, oxygen status, tissue

Figure 19. Schematic of shear-stress-induced drug delivery using
shape changes of the drug-loaded vesicles. Cartoon created using
images modified from Servier Medical Art (Servier, www.servier.
com), under a CC-BY 3.0 International License.
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renewal rate, and capillary density). Among them, acute high-
dose irradiation may cause more tissue damage, including
acute and chronic injuries, than long-term low-dose exposure
with the same total dose. The extent of radiation damage
often differs between different biological tissues and organs
(e.g., skin, bone marrow, etc.). For instance, when the entire
or a part of the body is exposed to X-rays, the skin, as an
external organ, is first damaged to initiate and to promote
skin radiation injury, including acute skin burns, chronic skin
fibrosis, and, rarely, skin cancer.427−429 Bone marrow is one
of the main sensitive target tissues following ionizing
radiation exposure.430,431 Various hematopoietic stem and
progenitor cells, naive hematopoietic cells in the bone
marrow, and mature blood cells in lymphatic tissues are
sensitive to radiation. Particularly when the bone marrow is
exposed to large doses of X-rays, hematopoietic stem cells
suffer a greater degree of radiation damage, and their self-
renewal, proliferation, and differentiation will appear unbal-
anced, manifested as weakened self-renewal, resulting in
serious reductions or even depletions of hematopoietic stem
cells, which ultimately leads to bone marrow hematopoietic
failure and loss of immune function. Although tremendous
progress has been made in the prevention and treatment of
radiation damage, there remains major scientific issues that
need to be studied and overcome. These issues include not
only the differences in radiosensitivity of different tissues and
organs and the physiological damage caused to sensitive
tissues and organs under high-dose irradiation but also the
development of countermeasures against normal tissue
radiation injury. The cumulative radiation dose should also
be considered in preclinical animal models. In order to reach
an optimal signal-to-noise ratio and high spatial resolution in
X-ray-based analyses, relatively high radiation doses are
necessary. Such high doses will not allow repeated measure-
ments since high total body doses are lethal because of the
bone marrow suppression. Second, high radiation doses
certainly affect the experimental animal models and out-
comes, that is, immune responses, tumor microenvironment,
and/or tumor growth. Thus, the fate and therapeutic effect of
NPs measured by X-ray-based methods should be re-
evaluated using multimodality methods considering the
effects of cumulative radiation doses on the animals.
For in vivo X-ray imaging of living organisms, radiation

parameters such as dose limits need to be established. Here, a
molecular understanding of radiation damage in model
systems, such as NPs co-crystallized with proteins,432 might
help to determine these parameters. X-rays can interact with
water in the cells, causing water molecules to ionize or to be
excited, to form highly active free radicals and peroxides after
a series of reactions. These species actions on biological
macromolecules can lead to changes in molecular structure
and function, causing dysfunction and systemic lesions. In
this context, X-ray protein crystallography may provide
important insights into radiation damage at the molecular
level, because it has a strong background on studying the
effects of irradiating hydrated biological macromolecules with
X-rays.433 In protein crystals, prolonged exposure to X-rays
may alter structural features such as side chains or oxidation
states of metal ions within the protein or affect global
parameters such as unit cell dimensions.434 Strategies to
overcome the site-specific and global radiation damage are,
for example, low-temperature data collection435 and the
determination of dose limits.436 Typically, synchrotron-based

characterization of biological samples has been conducted
through the use of microfluidics or using frozen or
crystallized samples. Recent advances in near-ambient X-ray
spectroscopy open the door to studying the behavior of NPs
in biological samples under near-physiological conditions.437

With the advent of serial crystallography methods, including
experiments with XFEL sources, most studies are carried out
at room temperature. Here, radiation damage is mitigated by
using a large number of irradiated species. Either the
radiation is distributed over a large number of crystals or,
in the case of XFEL studies, the diffraction outruns the
destruction of the crystals. Thus, only minimal radiation
damage is observed in the final data.438 For investigation of
nano−bio interactions, these serial approaches might be
suitable for minimizing radiation damage in cellular studies.
Here, a high throughput of cellular material could ensure
limited radiation damage after data processing. Such an
approach also requires further development of serial X-ray-
based imaging techniques, as discussed above.
There are strategies to reduce the impact of radiation

damage. While large biological objects can readily be
investigated by X-rays, microscopy of small biological objects,
such as cells with high spatial resolution, risks potential
radiation damage.439 Due to the ionizing nature of X-rays,
radicals can be formed that lead to the cleavage of chemical
bonds and cause structural changes,440 which become
particularly obvious when nonconductive biological objects
are analyzed.441 According to the empirical Rose criterion,
the dose required for imaging an object reliably against the
background noise increases with the desired resolution.442

Thus, the achievable resolution is ultimately limited by the
X‑ray dose that can be applied before radiation damage
occurs.443,444 The impact of radiation damage on biological
samples critically depends on their environment and sample
preparation. For many mammalian cells already, ≈10 Gy is
deadly.445 Elemental redistributions in XRF of unfixed
vanadocytes and mass loss in dried chromosomes were
observed for doses >105 Gy.446,447 As the resistance against
radiation damage rises exponentially with decreasing temper-
ature,448 structure determination by X-ray-based biocrystal-
lography could be greatly improved when done at cryogenic
temperatures, as much higher radiation doses can be applied
than at room temperature.449 When investigated under
cryogenic conditions, the diffraction signal of lysozyme
crystals remained visible up to radiation doses of
107 Gy.450 In X-ray microscopy, the tolerable radiation
dose for imaging before artifacts due to radiation damage
occur was calculated to be 108−109 Gy.451 An additional
advantage of cryogenic sample preparation, particularly for X-
ray fluorescence analysis, is the preservation of the location of
ions as close to the natural, hydrated state as possible. This
feature was demonstrated by imaging the elemental
distribution within duckweed roots,452 green algae,453 and
fibroblast cells.454 While cryo-preparation of the samples is
usually performed in the biological laboratories, transfer
systems are required to deliver the frozen samples free of
contaminants to the experiment. During measurements, the
samples are kept in the frozen state either by a cryo-stream452

or in a vacuum chamber using cooled sample stages.453

Another possibility would be to harness the molecular
machinery of cells. Consider that in addition to the direct
and indirect effects discussed above, X-ray radiation can
trigger a series of biochemical and molecular signaling events
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together forming or providing the radiation response of the
organism (Figure 20) that may either repair the radiation-
induced damage or result in long-term physiological changes
or cell death. DNA damage can be caused even by irradiation
as low as 1 mGy, and DNA repair proteins are recruited to
these damaged sites.455 Important factors in radiation
response are DNA repair,455,456 antioxidant defense sys-
tems,457 and immune and inflammatory responses.458−460

These systems provide the organism with highly effective
protection against radiation-induced ROS and DNA damage,
but they can also trigger long-term adverse effects. The
efficiency of these radioprotective systems is reduced, and
even plays a reverse role in the case of high-dose irradiation.
This response is due to (i) abundant generation of radiation-
induced ROS that affects the oxidant−antioxidant balance of
the organism and causes potentially lethal DNA damage and
(ii) radiation-induced mutations caused by erroneous repair.
Consequently, high-dose irradiation can result in the
alteration of enzyme activities and trigger uncontrolled
inflammatory responses,461 which in turn can cause secondary
vascular dysfunction and tissue damage with the subsequent
activation of a variety of cell death mechanisms, such as
apoptosis, necrosis, fibrosis, etc.462

To reduce radiation damage during X-ray-based in vivo
research and in clinical radiotherapy, different natural or
synthetic radioprotective agents have been shown to
moderate radiation-induced molecular and cellular damage
and/or to restore the physiological balance of the organism in
vitro, in vivo, or in human randomized controlled trials. The
radioprotective effect of such compounds is provided mostly
by their antioxidative and immunomodulatory features, as
they are able to suppress free radical production, remove
already generated free radicals, and reduce radiation-induced
inflammatory response.463 Another approach to mitigating
radiation damage is the use of local radioenhancers, which
would achieve higher on-site radiation at tumor cells or at the
region of interest by applying lower overall radiation doses.464

Despite the large number of radioenhancers synthesized and

studied even at the level of clinical trials,465 they are not
largely used in clinical practice. Moreover, their application in
NP research is also challenging, as it requires additional
studies on whether the particular radioenhancer interacts with
the NPs directly or has any indirect effects on the NP-based
drug or NP carrier delivery.
When considering the applications of X-rays applied to

biological samples, the use of the above-discussed imaging
and spectroscopic techniques, especially to large biological
specimens (such as whole mice or humans) will also need to
address the issue of the trade-off between X-ray tissue
penetration and the quality of the signals obtained. As
described above, X-ray radiation can be divided into low-
penetrating soft and tender X-rays (100 eV to 1 keV and 1 to
5 keV, respectively, penetrating up to a few μm) and high-
penetrating hard X-rays (5 keV and higher). However, the
penetration of hard X-rays is controlled by their energy. As
such, X-rays with energies of ca. 15 keV are needed to
penetrate over 1 cm of tissues, while much higher energies
are required to analyze whole organisms. Up to 50 keV, the
interactions of hard X-rays with tissue are dominated by
photoabsorption events, which enable acquisition of multiple
images and spectra with low background. It is thus possible
to obtain easily high-quality XRF maps, XAS spectra, or
scattering images (among others) in cell samples or ex vivo
tissue samples (up to a couple of cm thick). However, at
energies over 50 keV, the interaction between X-rays and
tissue is dominated by inelastic Compton scattering.
Although not critical for medical imaging (which uses
X‑rays in the energy range 10−150 keV), such scattering
events can lead to the generation of large background noise
and make it difficult to acquire maps of most elements, and
other images and spectroscopic data. Thus, it will be
necessary to develop improved acquisition and/or data
analysis methods to reduce the background created by
Compton scattering before certain X-ray-based analytics (i.e.,
XRF, or XAS-based techniques) can be properly applied in
situ. There is progress in this direction, as described above. In

Figure 20. Mechanisms involved in radiation damage and subsequent radiation response.
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a recent report, the localization of Au NPs on both tumor
models and objects with human-size scales was determined
with XFI by applying a spatial filtering scheme for
background reduction, applying a local dose of only 10
mGy within the scanning X-ray beam volume, resulting in an
even lower effective organ dose, as only parts of the body
were scanned by XFI.57

Finally, most X-ray techniques that can be used to study
NP-drugs in organisms currently require the use of
synchrotron facilities. Therefore, the methodologies devel-
oped for those synchrotron-based tools will need to be
transferred to benchtop environments if we want to apply
X‑ray-based analytics to clinically relevant situations.
Although XRF elemental maps can be obtained from mice
using current benchtop X-ray sources,466 they cannot reach
the flux, coherence, or subcellular resolution achieved by
synchrotron-based nanoprobe beamlines and still need to be
improved significantly to reach adequate performance.

PERSPECTIVES AND OUTLOOK
Tissue is nontransparent to probes used in many analytical
methods. However, for future biomedical applications
concerning delivery, imaging, and diagnostics, the use of in
situ analytics that include monitoring what is happening
inside tissue at the (sub-) cellular level will be important. In
biological media, NPs may interact with cells, organelles, and
molecules,353 resulting in variations in aggregation, distribu-
tion, surface properties, and chemical environment and even
in the structures of the NPs. Meanwhile, the biological
functions and structures of the biological components are also
affected by nano−bio interactions. For example, many metal
NPs have been designed for nanomedicine. Compared to
traditional pharmaceuticals, NP-based drug delivery may
exhibit distinct pharmacokinetic and pharmacodynamics
properties, which rely on step-by-step interactions between
the NPs and the biological targets. The intracellular
localization and the chemical transformation (valence state
or chemical environment variation) of the NPs are critical to
their biological functions and may help us to understand the
degradation of NPs and the toxicological mechanisms of NPs.
When NPs are treated with external stimuli to react with
biological systems, in situ analyses could provide direct and
visual details on physiological and pathological development.
These details would offer better understanding of dynamic
regulation in biological homeostasis. However, it is not
currently possible to obtain detailed and comprehensive
understanding of the (biological or molecular) events that
affect NPs once inside the body of animals and humans.
Detailed analytics can be achieved by testing blood samples,
which, unfortunately, is not a local technique. It is possible to
perform local analytics ex vivo on dissected organs, which is
neither in situ nor applicable to humans. Thus, comprehen-
sive in situ analytics at the molecular/cellular level are needed
that make the body “transparent”, in order to observe the site
of action. Therefore, the aim of this Review lies in
highlighting the need for developing X-ray-based methods
that are suitable for studying nanomaterials in complicated
biological environments. Applications to humans and trans-
lation to the clinic of the techniques discussed here will often
not be possible within a short time frame, but in vivo work on
animals is already in the exploration stage.
This methodology would apply generally to all optically

nontransparent samples and could also be used for other

applications, such as environmental analysis and toxicology.
Nanomedicine needs to look to other fields dealing with
nano−bio interactions for inspiration. In this respect,
toxicology has been using X-rays to track and to monitor
the distributions of metal and metal−organic NPs in plants
and animals for decades, and similar approaches could be
straightforwardly adapted for drug delivery. XRF and STXM
can be combined with XANES to identify the intracellular
fate of ZnO NPs, with which it was found that toxicity can
arise due to the dissolution of Zn and its complexation with
molecules in the cell.467 In animals, the biodistribution of
copper NPs in earthworms was monitored by XRF and the
speciation of the copper by EXAFS.468 Additionally, the
woody tissue of plants makes them ideal for testing X-ray
based characterization techniques. SAXS has been used to
monitor the formation and trafficking of Zn-based MOFs in
plants.469 In another experiment, after uptake by algae,
EXAFS was used to determine that Ag NPs can dissolve into
Ag+, but then reaccumulate into different cellular compart-
ments.470 By combining, X-ray microscopy, XANES, and
electron microscopy, it was found that a wide size range of
Au NPs can be taken up into the vasculatures of land plants,
but only the smallest (∼3.5 nm) can then be internalized into
the plant cells.471

For breakthroughs in applications in humans, it will be
necessary to address not only the issues of potential radiation
damage but also the development of improved laboratory X-
ray sources and table-top or compact synchrotrons for clinical
applications with low flux. Current laboratory X-ray sources
can generate stable (both in emission and position) and
reasonably brilliant (107−108 ph/s in the focus) micro- and
nanofocused hard X-ray beams with certain levels of
coherence that enable imaging on small animals and ex vivo
tissue samples.243,248 Still, they normally produce polychro-
matic or broadband radiation that cannot be tuned and with
much lower overall brilliance (at least 1000 times lower) and
coherence than synchrotron sources, which makes it difficult
to translate many synchrotron-based X-ray techniques to a
laboratory or clinical environment. It is possible to produce
highly monochromatic and collimated hard X-ray beams (i.e.,
with energies between 15 and 35 keV) with a brilliance
(about 1010 ph/s) intermediate between that of laboratory
sources and synchrotron facilities using CLS based on inverse
Compton scattering.472,473 CLS can be installed in biomedical
research institutions or hospitals and produces radiation that
is stable enough for the acquisition of X-ray imaging,474

including in vivo experiments,285−287 but also can be used to
perform X-ray spectroscopy experiments (i.e., XAS).475 Still,
NP-based drugs are normally found at very low concen-
trations inside patients. Therefore, CLS would need to
improve greatly before we can start thinking about applying
such techniques to study NP-based drugs in situ, if possible at
all.
The technological requirements for moving from synchro-

tron to conventional sources required for any successful
translation to human patients already seems possible, in
certain cases. One example of this opportunity is the
application of gratings-based set-ups for the diagnosis of
lung conditions using dark-field imaging.476−479 Gratings-
based methods were demonstrated for phase-contrast imaging
using synchrotron sources almost 20 years ago.480,481 The
same approach was later used to acquire both phase-
contrast482 and dark-field images483 with conventional X-ray
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sources, helping to bring them closer to the clinic. Gratings-
based dark-field imaging proved to be promising and has
been employed successfully in in vivo preclinical studies with
animals of different sizes, from mice476−478 to pigs.479

Current efforts are directed to optimize the technique for
use in humans, by testing it on cadavers,484,485 and will
hopefully translate into clinical practice in the near future.
Nevertheless, analytical methodologies that can be used to
study NP-based drugs with laboratory instruments must be
developed and optimized, which can be done now using
state-of-the-art synchrotron facilities.
Next, we consider other potential medical applications of

X-ray-based imaging for possible future clinical use. A
number of pilot studies described above have illustrated the
potential for imaging small animals with synchrotron X-ray-
based methods. No single method yields all relevant
information, and therefore, multimodal imaging should be
considered, complementing the assessment by synchrotron X-
rays with other non-invasive imaging approaches, preferably
employing multimodal labels such as Au NPs. This strategy
would enable combining longitudinal animal studies with
synchrotron X-rays in in vivo−in situ assessments of intact
animals or excised tissue for final examinations ex vivo.
Another exciting opportunity would be to collect human
tissue, for example, from organ transplantation or tumor
resection surgery, to keep that tissue functional, and to study
these specimens with synchrotron X-ray technologies.486

Similarly, bioreactors containing and preserving large tissue
constructs and 3D in vitro tumor models for drug evaluation
could also be used.487,488 Analyses of the perfused tissue
could provide valuable insight into cellular uptake of NPs and
subsequent responses. For example, for tomography with
resolution below 1 μm, one could study 3D receptor
distributions on tumors or other cells and thus tumor
heterogeneity. It may be possible to detect single receptor-
scale events using Au NPs and high-affinity antibodies, thus
elucidating the targeting process. This insight could help to
achieve accurate molecular imaging where still living tissue
could be imaged and investigated with single-receptor
resolution and sensitivity to understand and to improve
drug delivery by nanocarriers.
Cancer is the leading cause of death worldwide. It is

estimated that by 2030, the number of cancer cases will
increase by more than 50% to 22 million per year.489 Early
detection and optimal therapy of cancer largely depend on
patho-anatomical information provided by imaging. Nearly all
aspects of patient care require precise visualization of spatial
information, that is, the tumor site, its anatomic relation to
adjacent structures including displacement and/or infiltration
of healthy organs as well as probable spreading to distant
organs. Treatment decisions are made by multidisciplinary
teams consisting of medical specialists of various disciplines,
who collect history, clinical information, family and genetic
data, laboratory data, and imaging data about the patient.
Spatial information provided by imaging is an essential pillar
of many diagnostic as well as therapeutic interventions, such
as biopsy, surgery, radiation therapy, and minimally invasive
focal as well as systemic therapies. Therapy planning and
response are not only based on precise information on the
localization, extension, and spreading of the tumor but also
on the individual anatomy of the healthy structures. The
overall quality of patient care depends on the quality of
cancer imaging and repeated imaging over the course of years

of patient care. Over the last five decades, medical imaging
technologies have been improved by the invention of cross-
sectional imaging technologies providing unforeseen oppor-
tunities for patient care. Various methods of ultrasound, CT,
MRI, and positron emission tomography (PET/CT and
PET/MRI), along with advances in computer science,
provide high-resolution 3D visualization of anatomical and
functional tumor features. While macroscopic medical
imaging has improved impressively, the final diagnoses of
cancer and the definite decisions on therapeutic strategies
inevitably require microscopic information about tumor
pathobiology on the cellular, subcellular, and molecular
levels. Medical imaging often reaches its intrinsic limits
with ca. 0.5−0.1 mm spatial resolution. This limit is not only
technological but also due to human anatomical and
physiological restrictions related to the size of the human
body, tissue movement resulting from, for example, a beating
heart, breathing, and bowel peristalsis, as well as the need for
the lowest possible radiation exposure to the patient and
limited examination time. To bridge this gap of the “nano−
bio interface”, tissue often has to be sampled for further
examination outside of the body. It is important to realize
that small tissue samples must represent the disease
characteristics and consequently critically depend on the
right selection and extraction of tissue out of a heterogeneous
tumor and peritumoral tissue identified by macroscopic
imaging. A pathway of optimum cancer diagnostics in the
clinical setting should follow a stepwise approach from
macro- to microscale, bridging the nano−bio interface: (i)
detection and localization of suspicious, potentially cancerous
lesions by whole-body imaging (CT, MR, PET/CT, PET/
MR); (ii) visualization of local tumor extensions and tumor
heterogeneity by local high-resolution multiparametric imag-
ing; (iii) high-precision sampling of representative tumor
tissue by sophisticated image-guided biopsy methods; (iv)
microstructural characterization of cellular, subcellular, and
molecular features using ultrahigh-resolution synchrotron
imaging; and finally (v) integration and evaluation of the
entire set of multiplexed data exploiting deep-learning
bioinformatic methods, leading to clinically relevant informa-
tion on diagnosis, potential treatment, and prognosis. Possible
fields of application are widely spread and include a variety of
cancers, for example, prostate, breast, lung, pancreas, etc.
Another potential medical application would be XFI in vivo

cell tracking in live animals, for example, tracking T cells
(labeled with metal NPs or molecules suitable for XFI
detection, such as iohexol) in immune-mediated inflamma-
tory diseases (IMIDs). These diseases are a group of
seemingly unrelated medical conditions affecting multiple
organs, such as autoimmune hepatitis, nephritis, multiple
sclerosis, and inflammatory bowel disease (IBD). All of these
diseases are characterized by dysregulated immune response
and nonhealing tissue damage, which promote a vicious cycle
leading to chronic disease.490−492 Furthermore, chronic
inflammation can promote the development of cancer. IBD,
for example, is associated with colorectal cancer, especially in
patients suffering from chronic intestinal inflammation.
IMIDs are already among the leading causes of mortality in
developed countries, and their prevalence is increasing.490−492

However, in most cases, current therapies are palliative and
do not offer cures. Indeed, most therapies are based on
immune-suppressive drugs, but are not able to reestablish
homeostasis between the immune system, the tissue, and the
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microbiota. The resulting problems are relapsing flares and
opportunistic infections that occur as a consequence of
immune suppression. Thus, there is a major need for
improved targeted therapies. Of note, CD4+ T cells are
characteristic of the inflammation seen in IMIDs, and recent
genome-wide association studies indicate that they do play
key roles in the etiology of IMIDs and especially IBD.493

These data are further supported by murine studies, which
have shown that an imbalance of effector T helper (TH)
subsets and regulatory T cells, such as Foxp3+ T regulatory
(TREG) and IL-10-producing Foxp3Neg type 1 regulatory T
cells (TR1), plays important roles in IMIDs.494−499 CD4+ T
cells are central players in adaptive immune responses. Naiv̈e
CD4+ T cells differentiate into a plethora of TH subsets,
including TH1, TH2, TH17, and TH22 effector T cells with
exquisite levels of functional specialization. Accordingly, one
problem to understand is the spatiotemporal dynamics of
these T-helper cell subsets during IMIDs and cancer. Note
that inflammatory responses are different in distinct IMIDs
and cancer. Intravital microscopy could be useful for this task,
as it has been used successfully to explore in vivo and in situ
immunological responses in surface tissues of animals (100−
200 μm deep).107−109 However, until now, there has been no
in vivo imaging method that would allow tracking several
different T cell subsets at the same time in an entire animal
with sufficient spatial and temporal resolution. There are
trade-offs between increasing spatial versus temporal reso-
lution, but detection of a small local number of marked T
cells should be possible. Furthermore, current therapies are
known to modulate T-helper cell responses. Therefore, a
suitable in vivo imaging technology would have the potential
not only to answer basic scientific questions but also to
identify biomarkers for diagnoses of different IMIDs and to
track the responses to specific therapies. By using different
XFI tracers (either molecular or NP-based) that have similar
sensitivities, several different types of immune cells could be
tracked in a single measurement. The different T cells could
be preloaded with different contrast, providing molecular
agents or NPs via endocytosis, as has been demonstrated for
stem cells and macrophages.500 By spatial filtering, the
imaging sensitivity, in terms of the minimum local amount
of XRF tracers, could be minimized, meaning that a small
number of XFI-labeled immune cells could be visible via XFI
in living animals.
Radiation damage has been discussed as a looming hurdle

concerning the safety of in vivo X-ray analytics. On the other
hand, such radiation damage to tissue via NPs could also be
used for treatment, in which X-rays are intentionally used to
destroy malignant tissue. Here, X-ray-based imaging techni-
ques for detecting metallic NPs have important potential
roles in radiation therapy. Ideally targeted delivery of metallic
NPs to a tumor can be leveraged to increase the efficacy of
radiation therapy.501−503 On one hand, high-resolution
imaging of NPs could provide more accurate, single-cell
localization of the tumor prior to irradiation, thus largely
sparing surrounding healthy tissue.504,505 X-rays interacting
with strongly absorbing metallic NPs deposit greater fractions
of incident photon energy, thereby releasing higher amounts
of low-energy secondary electrons, fluorescence X-rays, and
ROS where needed. Both secondary electrons and ROS can
further increase cellular damage, so that metallic NPs
selectively accumulated in tumor tissue could be used as
radiation sensitizers for cancer therapy. While the physical

processes involved in the mechanisms of NP-mediated
radiosensitization are being modeled with increasing accu-
racy,506,507 the roles of related chemical and biological
processes are not fully understood.504,507 Since measurements
of radiation-induced free radicals are quite complex, only a
few experiments have performed to date. For example, it was
found that Au NPs directly and indirectly increase hydroxyl
and superoxide production in water.508−510 Experiments with
macrophages incubated with Au and FeOx NPs could
visualize the spatial patterns of hydroxyl radicals and
superoxide anions produced by fluorescence X-rays and
Auger electrons that were emitted upon cell irradiation with a
scanning polychromatic synchrotron microbeam. These
experiments showed that, while enhanced radical production
from Auger electrons is limited to a range of ca. 100 μm from
the NP-loaded cell, fluorescence X-rays can increase this
production up to a distance of 1.5 mm for FeOx NPs and to
2 mm for Au NPs, respectively. Therefore, for enhancing
radiation-induced cell damage for cancer treatment, in situ
spatial distributions of specific NP systems, as well as
biokinetics, possible toxicity, and tumor-targeting efficiencies
will need to be thoroughly investigated prior to clinical
implementation.
While this Review has predominantly addressed synchro-

tron-based X-ray analytics, the potential of XFELs should also
be highlighted. XFELs, offering mJ pulse energies at hard X-
ray energies and delivered in subhundred fs pulses, provide
additional opportunities for structural investigations of NPs in
both the physical and life sciences. These studies are typically
performed either by exploiting the short pulse duration for
time-resolved investigations511 or by leveraging the extreme
pulse intensity to “outrun” radiation damage (caused by the
X-ray−matter interactions) to determine the structures of
noncrystalline (bio) materials at high resolution.512 Indeed,
ultrafast pump−probe capabilities with XFELs have been
demonstrated using solution-based samples.513 Pump−probe
methods enable powerful means of data collection, including
fs X-ray crystallography and temporal resolution of chemical
processes spanning charge transfer and bond cleavage.
Moreover, ultrafast pump−probe capabilities are superbly
positioned to access NP dynamics in biological samples and
are crucial in assessing the viability of some nanomaterials-
based therapeutic approaches such as highly localized pulsed
photothermal heating.514

In general, using coherent single-particle imaging (SPI)
with free electron lasers, the 3D structures of biological
samples can be investigated. SPI has progressed from
observations of single cells,515,516 cellular substructures,517

and large viruses518 to the determination of the conforma-
tional landscape of smaller viruses.519 Simulations now
suggest that the structures of single protein molecules can
be determined at sub-nm length scales during experimental
time allocated at high-repetition rate XFELs.520 Such high
rates of data collection have been shown to be feasible at, for
example, European XFEL (EuXFEL).521 For inorganic NPs, a
large number of X-ray structural investigations are reported
from diverse materials such as iron/silica,522 soot,523 gold/
palladium,524 thiol/gold,525 and others, including from
heterogeneous populations.526 These investigations inform
both the development of methods applicable to the life
sciences and, as outlined earlier, biofunctionalized inorganic
NPs (bio−NPs) may be used as carriers to transport
biologically active compounds (BAC) such as small
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molecules, peptides, and drugs. One concept is to release
BACs (or “drugs”) from their light-sensitive NP carriers by
application of an optical laser. Phytochromes are light
sensitive and were originally identified in plants and then
subsequently found in many other organisms.527 The large
structural changes of the phytochromes upon red light
illumination are unmatched (Figure 21). Red light is
relatively harmless and, most importantly, penetrates deep
into soft tissue. It is conceivable to engineer phytochrome
constructs that are specifically optimized for uptake and
release of BACs. An advantage would be that intense red
light could be applied simultaneously and localized to
multiple positions allowing for the treatment of multiple
sites at the same time. To investigate the mechanism of BAC
uptake and release by these light controlled bioinorganic
nanomachines, their structures must be determined to high
enough resolution that is roughly equivalent to the amplitude
of the structural changes after light illumination.528−530

Resolution between 1 and 2 nm should be sufficient (Figure
21). These experiments are likely to become feasible in the
near future with existing free electron lasers.521 We anticipate
that such SPI experiments are extremely “photon hungry”,
both in photons per X-ray pulse and in the number of pulses
(and hence diffraction images) collected.531 The EuXFEL is
presently the world’s highest repetition rate XFEL, offering
up to 3520 measured images per secmore than an order of
magnitude more than the next XFEL source. This repetition
rate enables the collection of large data sets in reasonable
measurement times and bodes well for the applicability of
this method to both organic and inorganic NPs.532

Improvements in the development of X-ray light sources
will enable their use for biological/medical experiments that
have not yet been feasible. Inorganic NPs, due to their high
X-ray absorption cross sections and their potential con-

jugation with BACs/drugs, are an important part of the
molecular and nanoscience toolkits for exploiting such
developments. We anticipate that there will be increases in
the uses of X-ray techniques to explore the fates and
mechanisms of therapeutic nanomaterials once administered
to animal models and patients. We further expect applications
to experiments in laboratory, preclinical, and clinical environ-
ments, as large efforts are currently directed to developing
improved compact X-ray sources. We foresee that X-rays will
have important, fundamental roles in the advance of
nanomedicine toward its maturity over the next decades.
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VOCABULARY
Synchrotron radiation, electromagnetic radiation emitted by
electrons (or other charged particles) traveling at near the
speed of light when their direction is altered by an external
magnetic field; synchrotron brilliance, indicates the quality
of a synchrotron source and can be defined as the number of
photons within a bandwidth of 0.1% of the central
wavelength with the same angular divergence found per
unit area of the beam every second; synchrotron emittance,
average distribution of the relative position and momentum
of the electron beam of the synchrotron. Low synchrotron
emittances normally lead to smaller X-ray beams and higher
brilliance; diffraction limited storage ring, a synchrotron
storage ring that maintains an electron beam with similar or
lower emittance than the smaller X-ray photon beam that it
produces; coherent X-rays, X-ray radiation with a fixed
relationship between their properties, normally referred to as
X-rays with a constant difference between their phases;
collimated X-ray beam, X-ray beam with high spatial
coherence. This means that its photons follow parallel or
almost parallel trajectories and will not get dispersed with
distance; free electron laser, fourth-generation synchrotron
radiation sources that produce short pulses of highly coherent
and extremely brilliant radiation.
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H.; Rübhausen, M. A.; Fischer, F. Fragmentation of the
Mitochondrial Network in Skin in Vivo. PLoS One 2017, 12,
e0174469.
(112) Huser, T.; Chan, J. Raman Spectroscopy for Physiological
Investigations of Tissues and Cells. Adv. Drug Delivery Rev. 2015, 89,
57−70.
(113) Langer, J.; Jimenez de Aberasturi, D.; Aizpurua, J.; Alvarez-
Puebla, R. A.; Auguié, B.; Baumberg, J. J.; Bazan, G. C.; Bell, S. E. J.;
Boisen, A.; Brolo, A. G.; Choo, J.; Cialla-May, D.; Deckert, V.;
Fabris, L.; Faulds, K.; García de Abajo, F. J.; Goodacre, R.; Graham,
D.; Haes, A. J.; Haynes, C. L.; et al. Present and Future of Surface-
Enhanced Raman Scattering. ACS Nano 2020, 14, 28−117.
(114) Aydin, O.; Altas, M.; Kahraman, M.; Bayrak, O. F.; Culha,
M. Differentiation of Healthy Brain Tissue and Tumors Using
Surface-Enhanced Raman Scattering. Appl. Spectrosc. 2009, 63,
1095−1100.
(115) Rivera Gil, P.; Vazquez, C. V.; Giannini, V.; Callao, M. P.;
Parak, W. J.; Duarte, M. A. C.; Alvarez-Puebla, R. A. Plasmonic
Nanoprobes for Real-Time Optical Monitoring of Nitric Oxide
inside Living Cells. Angew. Chem., Int. Ed. 2013, 52, 13694−13698.
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P.; Koziej, D. High-Energy Resolution X-Ray Absorption and
Emission Spectroscopy Reveals Insight into Unique Selectivity of La-
Based Nanoparticles for CO2. Proc. Natl. Acad. Sci. U. S. A. 2015,
112, 15803.
(378) Lancaster, K. M.; Roemelt, M.; Ettenhuber, P.; Hu, Y.;
Ribbe, M. W.; Neese, F.; Bergmann, U.; DeBeer, S. X-Ray Emission
Spectroscopy Evidences a Central Carbon in the Nitrogenase Iron-
Molybdenum Cofactor. Science 2011, 334, 974−977.
(379) Bressler, C.; Milne, C.; Pham, V. T.; ElNahhas, A.; van der
Veen, R. M.; Gawelda, W.; Johnson, S.; Beaud, P.; Grolimund, D.;
Kaiser, M.; Borca, C. N.; Ingold, G.; Abela, R.; Chergui, M.

Femtosecond XANES Study of the Light-Induced Spin Crossover
Dynamics in an Iron(II) Complex. Science 2009, 323, 489−492.
(380) Sikora, M.; Juhin, A.; Weng, T.-C.; Sainctavit, P.; Detlefs, C.;
de Groot, F.; Glatzel, P. Strong K-Edge Magnetic Circular
Dichroism Observed in Photon-In–Photon-Out Spectroscopy. Phys.
Rev. Lett. 2010, 105, 037202.
(381) Daffé, N.; Sikora, M.; Rovezzi, M.; Bouldi, N.; Gavrilov, V.;
Neveu, S.; Choueikani, F.; Ohresser, P.; Dupuis, V.; Taverna, D.;
Gloter, A.; Arrio, M.-A.; Sainctavit, P.; Juhin, A. Nanoscale
Distribution of Magnetic Anisotropies in Bimagnetic Soft Core−
Hard Shell MnFe2O4@CoFe2O4 Nanoparticles. Adv. Mater. Interfaces
2017, 4, 1700599.
(382) Kuciakowski, J.; Kmita, A.; Lachowicz, D.; Wytrwal-Sarna,
M.; Pitala, K.; Lafuerza, S.; Koziej, D.; Juhin, A.; Sikora, M. Selective
Magnetometry of Superparamagnetic Iron Oxide Nanoparticles in
Liquids. Nanoscale 2020, 12, 16420−16426.
(383) Liu, B.; van Schooneveld, M. M.; Cui, Y.-T.; Miyawaki, J.;
Harada, Y.; Eschemann, T. O.; de Jong, K. P.; Delgado-Jaime, M.
U.; de Groot, F. M. F. In-Situ 2p3d Resonant Inelastic X-Ray
Scattering Tracking Cobalt Nanoparticle Reduction. J. Phys. Chem. C
2017, 121, 17450−17456.
(384) Penfold, T. J.; Szlachetko, J.; Santomauro, F. G.; Britz, A.;
Gawelda, W.; Doumy, G.; March, A. M.; Southworth, S. H.;
Rittmann, J.; Abela, R.; Chergui, M.; Milne, C. J. Revealing Hole
Trapping in Zinc Oxide Nanoparticles by Time-Resolved X-Ray
Spectroscopy. Nat. Commun. 2018, 9, 478.
(385) Szlachetko, J.; Kubas, A.; Ciesĺak, A. M.; Sokołowski, K.;
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