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Abstract  

Luminescent gold nanoclusters (Au NCs) are a promising probe material for selective 

chemical sensing. However, low luminescent intensity and an incomplete understanding 

of the mechanistic origin of the luminescence limit their practical implementation. We 

induced glutathione-capped Au NCs to aggregate within silica-coated microcapsular 

structures using polymer-salt aggregate (PSA) self-assembly chemistry. The encapsulated 

NCs have a 5× luminescence enhancement compared to free Au NCs, and can detect 

Cr(VI) at concentrations as low as 6 ppb (= 0.12 µM CrO4
2-) through luminescence 

quenching, compared to free Au NCs which have a limit of detection (LOD) of 52 ppb (= 

1 μM CrO4
2-). The LOD is 16× lower than the US EPA maximum contaminant level for 

total chromium (Cr(III) + Cr(VI), 100 ppb) in drinking water. No pH adjustment is 

needed using the encapsulated Au NCs, unlike the case for free Au NCs. The luminescent 

microcapsule material can sense Cr(VI) in simulated drinking water with a ~20-30 ppb 

LOD, serving as a possible basis for a practical Cr(VI) sensor. 

 

Key words: gold nanoclusters; nanoparticle-assembled capsules; luminescence; 

aggregation-induced emission; chromium(VI) 
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Introduction 

Luminescent gold nanoclusters (Au NCs) have emerged as a promising material for 

sensing due to their inherent luminescent properties, ultrafine size (< 2 nm), high 

photostability, good biocompatibility, and ease of synthesis1–3. They have been 

investigated as a probe for the detection of hazardous heavy metal ions such as mercury4, 

copper5 and hexavalent chromium6.  

 Although it is commonly  used in metallurgy, pigment manufacturing and wood 

treatment processes7, hexavalent chromium has cytotoxic and carcinogenic properties.8 

The United States Environmental Protection Agency (US EPA) set the maximum 

contaminant level (MCL) of total chromium (= Cr(III) + Cr(VI)) to 100 ppb for drinking 

water. Certain U.S. states have more stringent regulations; California, for example, has a 

MCL of 50 ppb for total chromium.9,10 The World Health Organization (WHO) provides 

a drinking water guideline value of 50 ppb for Cr(VI).11 The Ministry of Environmental 

Protection in China set the legal limit of Cr(VI) in drinking water to 50 ppb,12 and the 

industrial waste water discharge limit to 100 ppb13 

The US EPA provides two protocols for Cr(VI) detection in drinking water, 

groundwater, and wastewater. Methods 218.6 and 218.7 have respective limits of 

detection (LOD) of 0.3 ppb and 0.0044 ppb, with the latter one most recently published in 

2011. For both protocols, an aqueous sample containing Cr(VI) is filtered (0.45 µm), 

treated with a base, and then passed through an ion chromatography column. The 

recovered Cr(VI) is reacted with diphenylcarbazide to form a pink colored complex, 

which can be detected using a UV detector (at 530 nm). These methods are highly 

sensitive and accurate, but are not appropriate for household use; they involve the use of 
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expensive instrumentation, chemical treatment steps, and a basic competency with 

advanced chemical techniques. A portable test kit for Cr(VI) based on diphenylcarbazide 

chemistry is commercially available,14 but it has a LOD of 100 ppb, which is 

inconveniently close to the 100-ppb MCL for total Cr. A rapid, easy-to-use, sensitive 

(<100 ppb), and inexpensive method for selective Cr(VI) detection is highly desired for 

household use.  

Luminescent Au NCs could be the basis of such a method, but practical 

implementation has not been demonstrated yet. Sun et al. reported the synthesis of 11-

mercaptoundecanoic acid-capped gold nanoclusters (MUA-Au NCs) with a QY of 2.4%. 

Finding that Cr(III), but not Cr(VI), quenched the luminescence at pH 7, they chemically 

reduced Cr(VI) using ascorbic acid to Cr(III), for quantification; a Cr(VI) LOD was not 

reported.6 Zhang et al. reported the synthesis of glutathione-capped gold nanoclusters 

(GSH-Au NCs) with a QY of 1.5%. Under acidic conditions, they reported a LOD value 

of 0.5 ppb (0.0096 μM as CrO4
2-).15 Guo et al. reported the synthesis of bovine serum 

albumin-capped gold nanoclusters (BSA-Au NCs) that had a LOD value of 0.03 ppb (0.6 

nM as CrO4
2-) at pH 1.16 Low pH values are necessary for Cr(VI)-induced luminescence 

quenching. Selectivity for Cr(VI) can be introduced into the system by using 

ethylenediaminetetraacetic acid as a masking agent to sequester other metal ions.15 

The photoluminescence of Au NCs can come from fluorescence or 

phosphorescence depending on the composition.17 The origin of Au NC fluorescence is 

generally attributed to the quantum confinement of the metallic core or/and the charge 

transfer of the surface ligands.18–20 The fluorescence of Au NC is generally too low 

(QY<1%) to be practically used. Xie and coworkers reported one Au NC composition 
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with to be phosphorescent based on lifetime measurements (with a QY OF 15%).21 They 

attributed the luminescence to aggregation-induced emission (AIE): non-luminescent 

Au(I)-thiolate complexes, when localized into a shell around a Au(0) metal core, became 

luminescent as a result of increased inter-Au(I) interactions.22 Yahia-Ammar et al. 

showed that Au NC luminescence could be increased by aggregating Au NCs within a 

poly(allylamine hydrochloride) gel network, with the QY reportedly increasing from 7% 

to 25%.23  

In this study, we synthesized luminescent glutathione-capped gold nanoclusters 

(GSH-Au NCs) and entrapped them inside micron-sized capsules (Au-MCs). The capsule 

formation process is based on polymer-salt assembly (PSA), in which polyamines and 

polyvalent anions combine to form polymer-salt aggregates around which charged 

nanoparticles deposit to form a multilayer-thick, semipermeable shell.24–28 The 

encapsulation step occurs when the cargo is introduced to the polymer-salt aggregates 

and before shell formation is initiated. We hypothesized that confining the GSH-Au NCs 

within a polymer-salt matrix would increase luminescence, and that a shell of SiO2 

nanoparticles would allow Cr(VI) to diffuse through and interact with the encapsulated 

GSH-Au NCs. We indeed found the Au MCs were more luminescent than GSH-Au NCs, 

due to light scattering of the emitted color caused by the microcapsular particles (0.9±0.2 

μm). We quantified the Cr(VI) LOD in deionized water and in simulated drinking water 

to be less than 100-ppb MCL for total Cr. We found that Cr(VI) in neutral-pH water 

surprisingly induced luminescence quenching, suggesting the capsule interior contains a 

low-pH environment, which we confirmed by synthesizing pH-sensitive MCs. Finally, 
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we demonstrated a user-friendly Cr(VI) strip test with ppb sensitivity, using Au MCs 

deposited onto paper.  

 

Experimental  

Materials 

Reduced L-glutathione ("GSH", molecular weight of 307 g/mol), hydrogen 

tetrachloroaurate trihydrate (HAuCl4•3H2O), LiCl, NaCl, KCl, MgCl2, CaCl2, BaCl2, 

CrCl3, MnCl2, FeCl2, FeCl3, CoCl2, NiCl2, CuCl2, ZnCl2, AlCl3, CdCl2, PbCl2, K2CrO4, 

K2MnO4, Na2SO4, NaNO3, NaNO2, Na2CO3 and NaHCO3 were purchased from Sigma-

Aldrich. Poly(allylamine hydrochloride) ("PAH", ~70,000 g/mol) was purchased from 

Alfa Aesar. Polyethyleneimine (PEI, ~750,000 g/mol) was purchased as a 50 w/v% 

solution from Sigma. Disodium hydrogen phosphate heptahydrate (Na2HPO4·7H2O), and 

disodium citrate dihydrate (Na2CIT•2H2O) were purchased from EMD Chemicals. Stock 

solutions of all polymer and sodium salts were prepared using deionized water (Milli-Q) 

with a resistivity of 18.2 MΩ, and stored at 4 °C before use. Silicon oxide NPs (~13 nm) 

were available as an aqueous colloidal suspension (20.5 wt%, pH = 3.4, Snowtex-ST-O, 

Nissan Chemicals). All purchased chemicals in this study were used without further 

purification. Filter media (Disruptor, Grade 4601) comprised of a blend of alumina (in 

the form of pseudoboehmite or AlO(OH)), glass fiber, and cellulose was provided by 

Ahlstrom Corporation. For the conjugation of PAH to a dye compound, rhodamine B 

isothiocyanate (RBITC) was purchased from Sigma-Aldrich.  

 

Synthesis of Luminescent Glutathione-capped Gold Nanoclusters (GSH-Au NCs) 
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An aqueous solution of HAuCl4 (20 mM, 5 mL) was added into 43.5 mL of deionized 

water in a 100 mL single neck round bottom flask and stirred with magnetic stirring at 

room temperature (~23 °C). GSH solution (100 mM, 1.5 mL) was then added into the 

solution.21 The flask with the reaction mixture was sealed with a glass stopper and heated 

in a 70 °C oil bath under gentle stirring (~500 rpm) for 24 h. The synthesized product was 

loaded into a dialysis bag (molecular weight cut-off of 3.5 kDa) and placed in 2 L 

deionized water for 24 h to remove any unreacted precursors. The GSH-Au NC sol (2 

mM on gold atom basis and 0.056 mM on Au36SG32 particle basis) was stored in a Duran 

laboratory bottle at 4 °C until use. The bottle was covered in aluminum foil to shield the 

sample from ambient light.  

 

Synthesis of Luminescent GSH-Au NC-containing Microcapsules (Au-MCs) 

Luminescent GSH-Au NCs were encapsulated using polyamine-salt aggregate (PSA) 

assembly chemistry.27,28 A volume (0.5 mL) of cooled PAH solution (4 °C, 2 mg/mL, pH 

= 4.3) was combined with 3-mL of cooled Na2HPO4 solution (4 °C, 0.01 M, pH = 7.4) 

for 10 s with a vortex mixer (speed 5 from 1-10), and the resulting suspension was aged 

at 4 °C for 10 min. The ratio of total negative charge of added Na2HPO4 to the total 

positive charge of the PAH, or the R ratio, was controlled as 6. The NC sol (0.5 mL) at a 

given gold concentration (up to 2 mM on a Au atom basis) was then added, vortex mixed 

for 10 s, and aged for an additional 10 min at 4 °C. Finally, a SiO2 NP sol (diluted to 7 wt 

%, 1.5 mL) was added and vortex-mixed for 10 s. The synthesis of Au-MCs using two 

different polymer types (PAH or PEI), two salt linkers (Na2HPO4 or Na2CIT) and R 

ratios (3 or 6) were also investigated. 
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The resulting material (herein termed "Au-MCs" for gold-containing 

microcapsules) was aged for an additional 2 h at 4 °C, washed twice with a deionized 

water rinse and centrifugation (3000 rpm for 20 min), redispersed in deionized water 

(final volume of 5.5 mL), and stored in the dark at 4 °C until use. The luminescence of 

the supernatant was analyzed after centrifugation of the Au-MCs to ensure that all the 

GSH-Au NCs were encapsulated. As a control sample, MCs without GSH-Au NCs were 

synthesized using 0.5 mL DI water (instead of 0.5 mL of the Au NC sol).  

Characterization 

UV-vis absorbance spectra (or extinction spectra, for Au MC suspensions) were recorded 

on a Shimadzu UV 2401 spectrophotometer. Photoluminescence (PL) spectra were 

recorded on a Jobin-Yvon-Horiba photoluminescence spectrometer (FluoroMax 3). Zeta 

potential values were measured through phase analysis light scattering (PALS) with a 

Brookhaven ZetaPALS instrument. A dip-in electrode system with a 4-mL polystyrene 

cuvette was used, and measurements were taken at 25 °C. Transmission electron 

microscopy (TEM) images were taken using a JEOL JEM 2010 microscope with an 

operating voltage of 200 kV. Scanning electron microscopy (SEM) images were 

performed with FEI Helios SEM operating at 10 kV with a working distance of 10.0 mm. 

The MCs were loaded on a SEM specimen stub, and dried under air overnight before 

SEM imaging. Laser-scanning confocal microscopy was performed on a Carl Zeiss LSM 

710 microscope (laser excitation of 405 nm). Samples were mounted on a glass slide and 

sealed under a cover slip to prevent drying.  

 

Quantum Yield (QY) Measurements  



 9 

The QY of GSH-Au NCs was calculated, following International Union of Pure and 

Applied Chemistry (IUPAC) methodology.29 Fluorescein dissolved in 0.1 M NaOH 

aqueous solution (QY = 95%) was used as a reference sample. For both GSH-Au NC and 

reference samples at different concentrations, the absorbance at 365 nm and the 

corresponding PL spectra (excitation wavelength of 365 nm) were recorded. The 

absorbance was kept below 0.1 at the 365 nm excitation wavelength. The integrated 

luminescence intensity versus absorbance was linearly fitted. The fitted gradients (slope 

of luminescence intensity-absorbance line) of GSH-Au NCs sample and reference sample 

were recorded. The QY of the test sample was determined with the formula below:  

𝑄𝑌 = 𝑄𝑌𝑟𝑒𝑓 ×
𝐺𝑟𝑎𝑑

𝐺𝑟𝑎𝑑𝑟𝑒𝑓
× (

𝜂

𝜂𝑟𝑒𝑓
)

2

 

where the Grad is the gradient and η = the refractive index of the solvent. 

 The QY of Au MCs was determined using a method that accounted for light 

scattering effects on UV-vis extinction spectra.30 The experimental procedure was the 

same as described above, except fluorescein combined with Au-MCs (at the same 

suspension concentration as the Au-MCs) was used as the reference. 

 

Cr(VI) Sensing Studies 

Two stock solutions of Cr(VI) (0.01 M) were prepared by dissolving 19.4 mg K2CrO4 in 

10 mL of either DI water or simulated drinking water. The simulated drinking water (pH 

~ 7.5) comprises sodium (Na+, 3.86 mM) calcium (Ca2+, 1.0 mM) magnesium (Mg2+, 0.5 

mM), bicarbonate (HCO3
-, 3 mM), chloride (Cl-, 2 mM), sulfate (SO4

2-, 0.5 mM), nitrate 

(NO3
-, 0.14 mM), fluoride (F-, 0.053 mM), phosphate (PO4

3-, 0.0013 mM), and silica 

(SiO2, 0.33 mM) (Table S1). This composition is used in the NSF/ANSI Standard 53 for 
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water treatment system certification.31 Cr(VI) solutions with various concentrations were 

obtained by serial dilution of the stock solution.  

A series of solutions with different Cr(VI) concentrations (up to 3120 ppb-Cr, or 

60 μM-CrO4
2-) were prepared in separate vials. In testing GSH-Au NCs for Cr(VI) 

sensitivity, the photoluminescence spectra of each sample solution (3 mL) were recorded 

after addition of GSH-Au NC sol (5 μL), with and without 1 M HCl solution (to lower 

pH to 1). In testing Au-MCs, spectra of each sample (3 mL) were similarly collected after 

the addition of Au-MC suspension (50 μL), with and without 1 M HCl solution (to lower 

pH to 1). To adjust pH of deionized water to 7, 1 M NaOH solution was used. 

The effect of other cations and anions that may be present in natural water on the 

sensing performance was evaluated as follows. Separate vials of a 20-µM solution 

containing one of 24 common ions were prepared in DI water (i.e., one ion type per vial) 

and acidified to pH 1 by adding 1 M HCl. PL spectra of each sample solution (3 mL) 

were recorded after the addition of 5 µL of GSH-Au NCs sol (2 mM, Au atom basis). 

These screening tests included 17 cations (Li+, Na+, K+, Mg2+, Ca2+, Ba2+, Cr3+, Mn2+, 

Fe2+, Fe3+, Co2+, Ni2+, Cu2+, Zn2+, Al3+, Cd2+ and Pb2+, with Cl- as the counter-ion) and 6 

anions (Cl-, SO4
2-, NO3

-, NO2
-, CO3

2- and HCO3
-, with Na+ as the counter-ion). The 

luminescence intensity at 600 nm of the ion-spiked solutions (F) and the intensity of the 

solution without additional ions (F0) was used to calculate the relative luminescent 

intensity, F/F0. 

The limit of detection (LOD), calculated using IUPAC protocol,32 is the lowest 

concentration of analyte that can be detected with a statistically significant signal change 

from an analyzer. The LOD for Cr(VI) was determined by finding the lowest Cr(VI) 
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concentration that induces a luminescence decrease change (F0-F) that is equal to three 

times of the luminescence background signal (3×N). F0 is the mean value of the 

luminescence intensity measurements of the NCs (or MCs) in absence of Cr(VI), and F is 

the luminescent intensity measured after addition of Cr(VI).  

 

Synthesis of RBITC-conjugated PAH 

RBITC-conjugated PAH (RBITC-PAH) was synthesized and used to prepared MCs to 

assess the pH environment within the capsules. The synthesis route of the RBITC-PAH 

was adapted from Begum et al.33 (Supporting Information). 

 

Test Strip Study 

To prepare the paper test strip containing Au-MCs, 50 µL Au-MCs solution was 

dispersed onto a 2 cm × 0.5 cm (1 cm2) piece of filter paper (Ahlstrom Disruptor, Grade 

4601) with the same Au metal loading (0.19 μg per strip), and dried at room temperature 

overnight. To test the sensitivity of the method, the test strip was immersed in a 10 mL 

solution with Cr(VI) for 10 min. The test strip was removed from solution and placed 

under the UV illumination (365 nm, UVP UVLMS-38 EL Series UV Lamp, illumination 

distance of 20 cm). Images of the test strips were recorded with a handheld camera device 

(Apple iPhone 8), and analysis using ImageJ software for color intensities. The total 

analysis time of each test is roughly 20 min (10 min for test strip immersion and 10 min 

for imaging and analysis). The test strip can be stored at atmospheric condition for at 

least three months and used with stable luminescence and sensing performance. 
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Results and Discussion 

Characterization of GSH-Au NCs 

The GSH-Au NCs were successfully synthesized, with properties consistent with 

previous reports (Supplemental Information, Fig. S1). An aqueous GSH-Au NC 

suspension luminesced with a yellow-orange color in the 500-800 nm range, with a QY 

of 15%. Photoluminescence lifetime measurements indicated light emission was due to 

phosphorescence. The particles had an average TEM-based diameter of 1.6 nm, and a 

zeta potential of -11.2±1.3 mV.  

These GSH-Au NCs have a core-shell structure with a Au(0) cluster as the core 

and GSH as part of the shell, specifically as GS-Au(I)-SG groups surrounding the Au(0) 

core.21 The probable molecular formulae of the GSH-Au NCs are Au29SG27, Au30SG28, 

Au36SG32, Au39SG35, and Au43SG37, based on polyacrylamide gel electrophoresis and 

electrospray ionization mass spectrometry analyses.34 For the purpose of calculating Au 

content in this work, we assumed the synthesized GSH-Au NCs are Au36SG32, i.e., 32 

deprotonated glutathione ligands, and 36 atoms of Au (of which 32 are Au(I) and 4 are 

Au(0)). A gold concentration of 2 mM on Au atom basis is equivalent to 3.4 × 1016 

particles/mL (0.056 mM) on a Au36SG32 basis. 

 

Encapsulation of GSH-Au NCs 

The characterizations of the luminescent GSH-Au NCs including the photographs of an 

aqueous sol of GSH-Au NCs (Fig. S1a), PL spectra (Fig. S1b), quantum yield, 

luminescence lifetime (Fig. S1c), TEM image (Fig. S1d), particle size distribution (Fig. 
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S1e), and zeta potential were detailed in Supporting Information. Photoluminescence 

lifetime measurements indicated light emission was due to phosphorescence. 

Scheme 1 depicts the encapsulation of luminescent GSH-Au NCs and formation 

of the resulting Au-MC, via the well-established PSA charge-assembly chemistry.28,35 In 

step #1, polymer-salt aggregates (PSA) form instantaneously upon mixing of the polymer 

and salt solutions, which is driven by electrostatic interactions between the PAH amine 

groups and phosphate anions. In step #2a, the GSH-Au NC sol is added to the suspension. 

The NCs have a net negative surface charge, allowing them to incorporate within the 

crosslinked network structure of the PSAs. To this Au-PSA suspension, a SiO2 NP sol 

(13 nm) is added in step #3a, and these NPs (negatively charged at neutral pH)36 diffuse 

and deposit within the outer portion of the Au-PSA to form the shell. The SiO2 shell, held 

together by the polymer, is structurally robust, allowing the MCs to undergo typical 

powder processing. 
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Scheme 1. Formation of charged-assembled microcapsules (MCs) that (a) contain and (b) 

not contain the luminescent GSH-Au NCs. 

 

The SEM image showed that the Au-MCs retained their spherical shape after 

centrifugation and drying at room temperature and under the vacuum conditions of 

microscopy imaging (Fig. 1a). The Au-MCs ranged from 0.4 to 1.5 μm in size, with an 

average diameter of 0.9 μm and standard deviation of 0.2 μm (Fig. 1b). The shell 

thickness was estimated to be 0.1 μm (Fig. 1c and 1d).37 SiO2 NPs (~12 nm) that 

comprise the shell are identifiable through TEM imaging (Fig. 1d).  
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Figure 1. (a) SEM image of Au-MCs (containing 4.8 wt% Au). (b) Size histogram of 

Au-MCs based on 200 imaged particles. TEM images of (c) an individual Au-MC and 

(d) shell structure of the Au-MC with SiO2 NPs circled in red.  

 

The Au-MC suspension was slightly yellow and cloudy under visible light, 

displaying a yellow-orange emission under UV illumination (Fig. 2a). For comparison, 

the "empty" MCs (without the Au NCs) formed a white, turbid suspension under visible 

light and show no luminescence under UV illumination (Fig. 2b). The Au-MC and MC 

suspensions settled after ~2 h, and were readily suspended upon agitation. Light yellow 

and white powders were respectively obtained after centrifugation, decanting the 
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supernatant, and drying the solids under vacuum at room temperature for 24 h (Fig. 2c-

d).  

 

Figure 2. Water suspensions of MCs that (a) contain and (b) not contain GSH-Au NCs. 

Dried MCs (c) containing and (d) not containing GSH-Au NCs, recovered after 

centrifugation and vacuum drying. Upper panels: visible light illumination. Lower panels: 

UV light illumination (at 365 nm). 

 

The luminescence intensity of the Au-MCs varied proportionally with 

encapsulated GSH-Au NC amount, up to ~5 wt% Au (Fig. 3a-b). Gold mass balance 

calculations indicated that each microcapsule contained up to ~3×107 GSH-Au NCs 

(Table S2). The Au NCs are distributed uniformly throughout the Au-MC interior (Fig. 

3c). 
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Figure 3. (a) Au-MC suspensions with increasing Au loading (0, 0.125×107, 0.25×107, 

0.5×107, 1×107, 2×107, 3×107 Au NCs per microcapsule) (upper: visible light; (lower: UV 

illumination) MC concentration of ~108 capsules/mL. (b) Luminescence peak intensity 

(at 600 nm; excitation wavelength of 365 nm) as function of Au content. (c) Brightfield 

and confocal microscope images of Au-MCs (4.8 wt% Au).  

The PSA charge-assembly chemistry can be carried out using different cationic 

polymers, anionic linkers and charge ratios.24 We found that maximum luminescence 

intensity was achieved using PAH as the cationic polymer, phosphate as the salt linker, 

and 6 as the charge ratio (Fig. S2).  

 

Photoluminescence enhancement of Au-MCs 

The encapsulation of GSH-Au NCs in the MCs had a strong effect on the luminescence 

properties (Fig. 4a). GSH-Au NCs and Au-MCs were both luminescent with the same 

color, with a broad orange emission peak centered at 600 nm, but the latter material was 

5× brighter, i.e., showed 5× greater luminescence intensity (Fig. 4b). The comparison of 
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luminescence intensity between Au-PSAs and Au-MCs (Fig. S3) indicated Au-PSA is the 

major contribution for the luminescence increase while SiO2 had little effect. We initially 

thought that the luminescence enhancement was due to QY increase, since Yahia-Ammar 

et al. observed a 4-fold luminescence enhancement and concluded that the QY increased 

from 7% to 25%, after aggregating the GSH-Au NCs using PAH.23  

In our case, the absorbance spectra of Au-MCs (Fig. 4c) showed non-zero 

"absorbance" throughout the UV-vis range, which is due to significant light (Mie) 

scattering within the suspension of the micron-sized capsules. By accounting for this 

scattering,30 we calculated the Au-MCs to have a QY of 13%, slightly lower than the 

15% QY for the unencapsulated GSH-Au NCs. The Au MCs are more luminescent than 

GSH-Au NCs because of light scattering by the submicron-sized capsule particles and not 

because of QY differences.  

 

 
Figure 4. (a) Suspensions of GSH-Au NCs and Au-MCs under UV illumination (365 

nm), and corresponding (b) photoemission (365 nm excitation) and (c) 

absorbance/photoextinction spectra. (overall Au concentration in vial for both 

suspensions = 0.03 mM on Au atom basis). 

 

Sensitivity of GSH-Au NCs to Different Ions 

Luminescent GSH-Au NCs have been previously reported to function as a "turn-off" 

probe to sense Cr(VI) in solution exclusively under acidic conditions.15 We confirmed the 
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luminescence sensitivity of the unencapsulated GSH-Au NCs for Cr(VI) at pH 1. As 

shown in Fig. 5, only Cr(VI) induced a significant decrease (~60%) in the luminescence 

intensity at 600 nm, whereas less obvious luminescence changes (< ~5%) were observed 

in the presence of other ions.15  

 

Figure 5. Relative luminescence intensity (F/F0 at 600 nm, where F and F0 are the 

corresponding luminescence intensities at 600 nm with and without 20 μM tested ion) of 

the GSH-Au NCs (a) in acidified DI water (pH 1) and (b) in DI water (pH 7), and of (c) 

the Au-MCs in DI water (pH 7). Final Au atom concentration of 0.003 mM. 

 

Zhang et al. proposed that the Cr(VI) sensing ability of GSH-Au NCs is 

associated with the reduction of Cr(VI) under acidic conditions (Cr2O7
2– + 14 H+ + 6 e– 
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→ 2 Cr3+ + 7 H2O, Eo = +1.33 V vs. SHE at pH 0 and 25 °C). We carried out one control 

experiment by mixing a solution of GSH (1 mM) and Cr(VI) (0.5 mM) at pH 1. Cr(VI) 

concentration rapidly decreased to zero within 5 min as monitored using UV-vis 

spectroscopy,38 which is consistent with previously observed Cr(VI) reduction by GSH.39 

Our own observation suggests that the GSH ligands behave as a reducing agent, and that 

the turn-off effect comes from the disruption of the inter-Au(I) interactions responsible 

for AIE. Nano/microscopic structural changes of GSH-Au NCs after Cr(VI) exposure 

were not observed through TEM imaging (Fig. S4). 

The same test for different ions was carried out again with GSH-Au NCs but at 

neutral condition (pH~7) (Fig. 5b). In this case, Cr(VI) induced a small luminescence 

decrease. Most of the tested alkali metal and alkaline earth metal cations increased the 

luminescence slightly; Na+ increased the luminescence by 3%. Most of the transition 

metal cations induced significant luminescence decrease, but the tested post-transition 

(Group 13 and 14) metal showed significant luminescence increase. The anions showed 

negligible effect on luminescence, as seen by others.5,40,41  

The effect of different ions on the luminescence intensity of Au-MCs was also 

carried out at neutral condition (pH~7). The Au-MCs presented luminescence behavior 

nearly identical to GSH-Au NCs at pH 1 condition (Fig. 5c). Significant luminescence 

decrease (~98%) was induced by Cr(VI), and minor luminescence changes were observed 

in the presence of other ions. Nano/microscopic structural changes of Au- MCs after 

Cr(VI) exposure were not significant based on SEM imaging (Fig. S5). Intriguingly, low 

pH was not needed for Au-MCs to show Cr(VI) sensitivity. Low-pH testing of Au-MCs 
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was not performed for comparison, because acidic conditions damaged the capsule 

structure (see next section). 

 

Sensitivity of GSH-Au NCs and Au-MCs to Cr(VI) at different concentrations 

We next assessed the luminescence sensitivity of GSH-Au NCs and Au-MCs towards 

Cr(VI) at different concentrations. A series of solutions with different Cr(VI) 

concentrations (up  to 1040 ppb-Cr or 20 μM) were prepared in DI water and acidified to 

pH 1. PL spectra of each sample solution were recorded after the addition of 5 μL of 

GSH-Au NCs stock solution (Fig. S6a). Quenching was correlated to Cr(VI) 

concentration added (Fig. 6a).  

Quenching efficiency was quantified using the Stern-Volmer equation, F0/(F0-

F)=1/f+1/(fKSV[Q]), where F0 and F are the luminescence intensity in the absence and 

presence of Cr(VI), respectively. f is fraction of Au NCs that are accessible to the 

quencher, [Q] is the concentration of analyte quencher, and KSV is the Stern-Volmer 

quenching constant.42,43 A higher KSV value indicates a more sensitive system. The Stern-

Volmer plot (F0/(F0-F) vs. 1/[Q]) for Au NCs (Fig. S6b) indicated f = 1, consistent with 

the idea that all the freely suspended, unencapsulated Au NCs can come into contact with 

Cr(VI) oxyanions (Table 1). 
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Figure 6. Luminescence ratio (F/F0) of (a) GSH-Au NCs and (b) Au-MCs versus Cr(VI) 

concentration, where F0 and F are the corresponding luminescence intensities at 600 nm 

(365 nm excitation) in the absence and presence of Cr(VI), respectively. Solution pH = 1 

or 7 (or 7.5), Gold content = 3 μmol-Au atom per 1 L solution). 

 

The GSH-Au NCs were less sensitive for Cr(VI) at pH 7 (Fig. 6a), with the KSV 

value decreasing from 1.44 ppm-1 to 0.14 ppm-1 (Table 1). Luminescence quenching of 

GSH-Au NCs at neutral condition is much weaker than that under acidic condition, which 

can be explained by the lower redox potential at pH 7 than that at pH 1 (0.41 V vs. 1.24 V 

for 10 μM Cr(VI)) calculated using the Nernst equation. The lower redox potential 

indicates a lower thermodynamic tendency of Cr(VI) to undergo reduction. 

 
Table 1. Comparison of KSV and LOD for GSH-Au NCs and Au-MCs. 

Sample Water type pH KSV (ppm-1) f 
Cr(VI) LOD 

(ppb) 

GSH-Au 

NCs 
DI water 1 1.30 1 52 

GSH-Au 

NCs 
DI water 7 0.14 1 700 

Au-MCs DI water 1 1.10 0.93 50 

Au-MCs DI water 7 13.28 0.93 6 

Au-MCs DI water 7.5 6.75 0.93 8 

Au-MCs Simulated 7.5 3.58 0.93 21 
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drinking 

water 

 

Cr(VI) sensing using Au-MCs was carried out following the same procedure 

except that 50 μL of Au-MCs suspension with same Au content was used. With an 

increase in Cr(VI) concentration, the luminescence intensity of Au-MCs gradually 

decreased (Fig. 6b). A linear decrease in luminescence intensity was observed with 

increasing Cr(VI) concentration up to 0.05 ppm. Different from the free Au NCs, the 

fraction of Au NCs within the microcapsule accessible to Cr(VI) (f) was 0.93, according 

to the Stern-Volmer plot (Fig. S7). A small portion (7%) of the encapsulated Au NCs is 

not accessible to Cr(VI), and do not quench. KSV of Au-MCs at pH 1 and 7 were 1.30 

ppm-1 and 13.28 ppm−1, respectively (Table 1). The KSV of Au-MCs and GSH-Au NCs 

were essentially the same at pH 1(Table 1), which we attributed to the breakdown of the 

former into their polymer and nanoparticle constituents at the low pH. The Au-MCs were 

not found anywhere on the TEM grid, but instead individual silica nanoparticles were 

found, consistent with structural breakdown and dis-assembly at pH 1 (Fig. S8).28 The 

Au-MCs were very sensitive to Cr(VI) at pH 7, which was >90 higher than that of the 

free GSH-Au NCs at the same pH. 

The Cr(VI) limit of detection (LOD) for GSH-Au NCs was 52 ppb and 700 ppb at 

pH 1 and pH 7, respectively (Table 1). The higher LOD is a direct consequence of the 

NC's lower sensitivity at pH 7. The LOD of 52 ppb at pH 1 is lower than the 100 ppb of 

U.S. EPA MCL for total chromium, but practical use dictates that no pH adjustment is 

needed and that NCs not be used in sol form. 
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The Cr(VI) LOD for Au-MCs was 50 ppb and 6 ppb at pH 1 and pH 7, 

respectively (Table 1). While LOD at pH 1 is also lower than the total chromium MCL, 

the low pH condition is not appropriate for Au-MC use. The LOD at pH 7 is 15 lower 

than the MCL which is one important attribute towards implementation. This much lower 

LOD stems from the higher sensitivity (large KSV value) resulting from the higher 

luminescence intensity of the Au-MCs (Fig. 4). 

We next tested Au-MCs for Cr(VI) sensitivity in simulated drinking water. 

Compared to deionized water at pH 7, the simulated drinking water (pH 7.5) lowered the 

sensitivity and raised the detection limit of Au-MCs toward Cr(VI). The KSV value was 

3.58 ppm-1, roughly 4 lower than the DI water case (Table 1, Fig. S9). The Cr(VI) LOD 

increased from 6 to 21 ppb in the simulated drinking water, which was calculated based 

on a modified calibration curve that corrected the effects of interference (Fig. S10). This 

LOD was still lower than 100 ppb (total chromium MCL). There were two possible 

effects causing the lowered sensitivity and the raised detection limit: the pH difference 

and the presence of additional ions (e.g., HCO3
-, SO4

2-, Cl-, Na+, Ca2+, Mg2+). As a 

control, only raising the pH of DI water from 7 to 7.5 caused KSV to decrease from 13.28 

to 6.75 ppm-1 (Fig. S7b) and Cr(VI) LOD to increase from 6 to 8 ppb. The Cr(VI) 

sensitivity is lower because the Au-MC became less luminescent at pH values above 7 

(Fig. S11). In comparing the simulated drinking water (pH 7.5) to DI water at pH 7.5, the 

KSV further decreased to 3.58 ppm-1 and LOD increased to 21 ppb. The differences in KSV 

and LOD are possibly due to the additional ions, which could have also contributed to 

some subtle change to the materials structure. 
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Indirect evidence for low pH inside the microcapsules 

One of the most interesting observations of the Au-MC system is no acidification of the 

sample was needed, implying the capsule interior provides the acidic environment 

required for de-luminescence. Within the Au-MCs, the effective proton concentration can 

be thought to be higher than bulk concentration due to the high density of PAH (carrying 

protonated amine functional groups) distributed throughout the capsule wall and interior 

(Scheme 1). To test this possibility, we synthesized PAH conjugated to a pH-sensitive 

dye molecule (rhodamine B isothiocyanate, RBITC) and used it in the preparation of 

MCs containing no Au NCs (Supporting Information).  

The resulting RBITC-PAH MCs, suspended in a DI water solution with a bulk pH 

of ~7, showed a peak absorbance at 566 nm, identical to that shown by a RBITC-PAH 

solution at pH 2 and below (Fig. 7). RBITC-PAH solution at higher pH values showed a 

~10-nm UV-vis absorbance blue shift (Fig. S12). Similar local acidic environments was 

observed inside dendrimer structures44 that have a high volume density of protons 

associated with the amine groups in the interior.45 

 

Figure 7. Peak wavelength of UV-vis absorbance of RBITC-PAH (a) inside the MCs, 

and (b-d) in bulk solution at pH values of (b) 1-2, (c) pH 2-3, and (d) pH 3-9. 
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Cr(VI) strip-based sensor using Au-MCs 

This method can also be successfully extended to a simple test strip system, similar to 

that of pH indicator paper. The Au-MCs immobilized on paper showed similar Cr(VI) 

induced luminescence quenching behavior as if they were in suspension. The test strips 

exhibited a gradual decrease in luminescence intensity after they were dipped in 

simulated drinking water (pH~7.5) with Cr(VI) of increasing concentrations (Fig. 8).  

The LOD for the Au-MC-containing test strip was estimated to be 30 ppb, which 

is 3× lower than the 100 ppb MCL. The LOD for the Au-MC-containing test strip is 

slightly higher than 21 ppb, the LOD for non-immobilized Au-MCs (Table 1), which we 

attribute to the camera being less sensitive than the photoluminescence spectrometer. In 

comparison, unencapsulated Au NCs were dispersed on paper with the same Au loading, 

and tested in the same manner. These test strips showed negligible luminescence decrease 

with increasing Cr(VI) concentration increased, showing the importance of encapsulation 

(Fig. S13). The test strip is one-time use due to the irreversible fluorescence quenching of 

the Au-MCs.  

We also tested the reproducibility of the paper-based sensor in detecting Cr(VI) 

by preparing 10 test strips and evaluating the luminescence response of each. The average 

signal remained consistent after reaction with 0.5 ppm Cr(VI) (Table S3), with a relative 

standard deviation (RSD) of 2.9%, indicating high reproducibility.  
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Figure 8. Image of paper test strips with Au-MCs (0.19 μg Au per strip) (a) under visible 

light as it fabricated, and (b) under 365 nm UV illustration after dipping into simulated 

drinking water with different Cr(VI) concentrations and plot of the relative color intensity 

(I/I0) versus Cr(VI) concentration 

 
Conclusions 

Luminescent glutathione-capped gold nanoclusters (GSH-Au NCs) were synthesized and 

incorporated into 0.9 μm-sized capsular particles through polymer-salt assembly (PSA) 

chemistry. These microcapsules (MCs) were five times more luminescent than the free 

Au NCs at the same Au content. The enhanced luminescence comes from Mie scattering 

introduced by the capsule structure. Cr(VI) sensitivity consequently increases, allowing 

the LOD of 52 ppb (for free GSH-Au NCs) to improve to 6 ppb after encapsulation. The 

amine polymer-containing capsule interior likely provides a low-pH environment for the 

NCs to de-luminescense in the presence of Cr(VI), allowing the MCs to be used without 

the need for pH adjustment. Cr(VI) was detected in simulated drinking water at 

concentrations 3× below the 100 ppb MCL for total chromium, using a test strip contain 

these MCs and a cell phone camera. 
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Supporting Information  

The Supporting Information is available free of charge on the ACS Publications website.  

Additional experimental details, simulated drinking water composition, PL 

spectra/images, and UV-Vis spectrum. 
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