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Abstract

In this paper, we have synthesized BSA protected gold nanoclusters (BSA Au nanocluster) and 

studied the effect of quencher, protein denaturant, pH and temperature on the fluorescence 

properties of the tryptophan molecule of the BSA Au nanocluster and native BSA. We have also 

studied their effect on the peak emission of BSA Au nanoclusters (650 nm). The phtophysical 

characterization of a newly developed fluorophore in different environments is absolutely 

necessary to futher develop their biomedical and analytical applications. It was observed from our 

experiments that the tryptophan in BSA Au nanoclusters is better shielded from the polar 

environment. Tryptophan in native BSA showed a red shift in its peak emission wavelength 

position. Tryptophan is a highly polarity sensitive dye and a minimal change in its 

microenvironment can be easily observed in its photophysical properties.
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1. Introduction

Noble metal nanomaterials with impressive size dependent optical and chemical properties 

have attained great attention in the last few years. The sizes of these nanoclusters are usually 

below 2 nm, comparable to the Fermi wavelength of the electron. They bridge the gap 

between atoms and metallic nanoparticles. The size of the core metal can be controlled and 

hence a desired emission wavelength can be obtained. These noble metal nanoclusters can 

be synthesized using various ligands like amino acids, peptides, DNA, proteins and 

dendrimers [1–9].
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Protein protected noble metal nanoclusters are known to have numerous optical and 

bioimaging applications. In the literature, various protein matrices have been reported for 

the synthesis of fluorescent metal nanoclusters. Different research groups have used proteins 

like BSA, HSA, lysozyme, trypsin and ferratin family of proteins for the synthesis of these 

fluorescent metallic nanoclusters [10–12]. Xie et al. first introduced the use of BSA as a 

ligand to produce red emitting Au nanoclusters [9]. They introduced an easy directed 

synthesis for protein protected gold nanoclusters. Zhag et al. recently studied the 

temperature induced fluorescence properties and conformation change in BSA protected 

gold nanoclusters [13]. Raut et al. studied the synthesis, polarization properties, two photon 

induced luminescence properties, its application as a time gated intensity probe and the 

energy transfer from tryptophan to BSA protected Au nanoclusters [14–17].Yu et al. studied 

the interaction between BSA Au nanocluster and metallic ions(Hg2+ and Cu2+). They 

observed that, Hg 2+ quenches the delayed fluorescence of BSA Au25 nanocluster via triplet 

state electron transfer through metallic bond. However, the Cu2+ do not alter the delayed 

fluorescence in BSA Au25 [18]. There are other numerous reports on the BSA Au clusters 

for spectroscopic investigations and biochemical applications [2,3,19–23].

Understanding the effect of environment on the formation of gold cluster in protein 

templates and its effect on the tryptophan residues in that protein is an essential information 

that should be studied. While studying the properties of the protein templated gold clusters, 

tryptophan emission and effect of surrounding environment on its properties appears to be 

neglected in the literature. Raut et al. recently studied the energy transfer from tryptophan to 

gold clusters formed within BSA and HSA proteins, However, that just provided 

information on the interaction of tryptophan with gold cluster. Moreover, certain questions 

that we need to answer about these novel flurophores: Is it possible to quench the 

fluorescence of gold cluster with classic quenchers like Potassium Iodide? What will be the 

effect on the tryptophan emission? Will temperature, pH and denaturing compounds will 

denature these proteins in different manner compared to its native form? These kinds of 

questions can be answered by probing the tryptophan emission from these protein protected 

clusters along with its native counterpart. BSA contains two tryptophan molecules at 

position 134 and 213. The tryptophan at position 213 is more deeply buried compared to 

tryptophan at position 134. The position of the emission spectrum of tryptophan depicts the 

average environment of both residues. Tryptophan is highly polarity sensitive and shows a 

red shift in emission peak, decrease in quantum yield and fluorescence lifetime when 

exposed to polar environment.

Therefore in this report, we are studying the effect of quenchers, protein denaturants, 

temperature and pH on the fluorescence properties of BSA protected gold nanoclusters. We 

also studied their effect on the tryptophan emission for BSA Au nanoclusters and compared 

it with the fluorescent properties of native BSA molecules.

2. Material and Methods

Bovine serum albumin (BSA), gold (III) chloride hydrate, potassium iodide (KI), urea and 

guanidine hydrochloride were purchased from Sigma Aldrich (St Louis, MO, USA).
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2.1. Synthesis of BSA Au nanoclusters

The BSA Au nanoclusters were prepared using an approached mentioned in our previous 

paper [14]. Typically, 5 mL of 10 mM HAuCl4 was mixed with 5 mL of 50 mg /mL BSA 

followed by addition of 1 mL of 1 M NaOH and kept at 37°C overnight in an incubator. The 

light brown solution of clusters was further dialyzed (2000 MWCO membrane) against de-

ionized water for at least 12 hours with periodic change of water to remove any small 

impurities. The dialyzed cluster solution was filtered using a 0.02 mm syringe filter and used 

for subsequent measurements.

2.2. Spectroscopic measurements

Absorption spectra of native BSA and BSA Au nanocluster were measured using Carry 50 

Bio UV-Vis spectrophotometer. Fluorescence emission spectra were obtained using the 

Carry Eclipse spectrofluorometer (Varian Inc.). All measurements were done in 1cm × 1cm 

cuvette. Emission from the tryptophan of native BSA and BSA Au nanocluster were 

measured using 280 nm excitation. To measure the peak emission of the BSA Au 

nanoclusters a 360 nm excitation was used. Both measurements were done using appropriate 

filers on the emission side.

Time resolved intensity decay were measured using the FluoTime 200 (PicoQuant, GmbH, 

Berlin, Germany) time resolved spectrofluorometer. This instrument contains a multichannel 

plate detector (Hamamatsu, Japan) and a 290 nm LED was used as an excitation source to 

measure intensity decay for tryptophan in native BSA and BSA Au nanocluster. To measure 

the peak emission (650 nm) of BSA Au nanocluster, a 375 nm laser diode was used. The 

fluorescence intensity decays were measured in magic angle conditions and data was 

analyzed with FluoFit version 4.5.3 software (PicoQuant GmbH, Berlin, Germany) using the 

exponential reconvolution procedure using non-liner regression (multiexponential 

deconvolution model).

3. Experimental section

3.1. Effect of KI

Solution of native BSA and BSA Au nanoclusters were treated with different concentrations 

of potassium iodide (KI), which is a known quencher for fluorophores. We measured the 

effect of KI on the fluorescence lifetime of tryptophan of native BSA and BSA Au 

nanocluster when excited at tryptophan excitation wavelength. We also measured the effect 

of potassium iodide on the fluorescence lifetime of BSA Au nanocluster when clusters alone 

were excited away from tryptophan excitation. A 290 nm LED was used for the tryptophan 

excitation and a 375 nm laser diode was used as an excitation source to measure the 

fluorescence lifetime of BSA Au nanocluster. Stern –Volmer quenching data for tryptophan 

lifetime and fluorescence lifetime of BSA Au nanoclusters were obtained using different 

concentration of KI. The time resolved intensity decays for all the samples were analyzed 

using the exponential reconvolution procedure using non-liner regression (multiexponential 

deconvolution model). The fluorescence intensity decay for tryptophan was analyzed using:
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The fluorescence intensity decay for BSA Au nanocluster was analyzed using:

Where IRF (t’) is the instrument response function at time t', α is the amplitude of the decay 

of the ith component at time t and τi is the lifetime of the ith component

3.2. Effect of Denaturant

We have used guanidine hydrochloride and urea to check the effect of protein denaturant on 

the tryptophan emission from both native BSA and BSA Au nanoclusters. We also checked 

their effect on the peak emission of BSA Au nanoclusters (650 nm). For this experiment we 

have added 0M to 6M of guanidine hydrochloride with an increment of 1M to both native 

BSA and BSA Au nanoclusters. It is known from the literature that 6M guanidine is enough 

to completely denature the structure of proteins like BSA [24]. Emission of tryptophan from 

both native BSA and BSA Au nanoclusters were measured following a 280 nm excitation. 

The peak emission of BSA Au nanoclusters was measured using a 360 nm excitation. Steady 

state emission intensity and peak emission wavelength was noted as a function of guanidine 

concentration.

3.3. Effect of Temperature

We also measured the effect of temperature on the fluorescence emission of tryptophan in 

native BSA and BSA Au nanoclusters and the peak emission of BSA Au nanoclusters. 

Native BSA and BSA Au nanoclusters were subjected to different temperatures ranging 

from 20°C to 70°C. The temperature in these solutions were maintained using a temperature 

controlled cuvette holder. It is known from the literature that the thermal denaturation of 

BSA starts at 58°C. BSA does not denature upto 40°C. Irreversible unfolding of α- helices 

starts occurring around 52–60°C. From 60°C onwards, unfolding of BSA progresses and β 

aggregation of the molecule begins. Above 70°C, the gel formation by unfolding of BSA 

molecule continues. Therefore, we have covered the entire range of temperature (20–70°C) 

to study the effect of temperature on the BSA template of BSA Au nanocluster [25,26]. 

Emission from the tryptophan was measured using a 280 nm excitation and the peak 

emission of BSA Au nanoclusters was measured using a 360 nm excitation. Emission 

intensity and the peak emission wavelength were measured as a function of change in the 

temperature.

3.4. Effect of pH

To check the effect of change in the pH, both native BSA and BSA Au nanoclusters were 

added to the premade water with pH djusted using sodium chloride (NaOH) or hydrochloric 

acid (HCL). The conformation of BSA can undergo various structural changes with change 
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in pH of their environment. The native form is called “N” which predominate at neutral pH.. 

The basic form occurring around pH 8 is called “B”. “F” is for fast migrating form present at 

pH below 4.3, while “A” is for aged form produced at pH higher than 10. All these 

conformational state have their own molecular dimension and shape [27,28].

For native BSA and BSA Au nanocluster, emission intensity and emission wavelength from 

tryptophan was measured following a 280 nm excitation after adding the sample to the 

solutions of different pH. For BSA Au nanoclusters, the peak emission intensity and the 

peak emission wavelength were measured using a 360 nm excitation.

4. Results and Discussion

The absorption spectra of Native BSA and BSA Au nanocluster are shown in supplementary 

figure S1. As mentioned earlier, tryptophan is a polarity sensitive fluorophore and shows a 

red shift in the emission peak when exposed to the polar environment [29]. We observed 

that the fluorescence emission peak for the native BSA after a 280 nm excitation was at 345 

nm whereas; the tryptophan fluorescence emission from the BSA Au nanoclusters shows a 

peak at 335 nm (figure 1). This shows that the tryptophans in the BSA Au nanoclusters are 

better shielded and is present in a more hydrophobic environment compared to the native 

BSA. This change change in tryptophans position/environment inside BSA occurred during 

formation of gold clusters and it’s stabilization with thiol bonds from BSA suggesting 

change in native BSA structure. Mohanty et al. has shown the changes in alpha helix content 

of BSA Au nanocluster compared to native BSA using CD spectroscopy. The result shows 

the alpha helix content to be 13.8% in BSA Au nanocluster compared to 64.5% in native 

BSA [30].

4.1. Effect of quenchers

BSA contains two tryptophan residues that are located in two distinct environments. Each 

residue is differently accessible to the quenchers (potassium iodide) which affect its 

photophysical properties [31,32]. In figure 2 left panel, the Stern-Volmer plot of tryptophan 

lifetime for the native BSA and BSA Au nanoclusters after treatment with potassium iodide 

are shown (lifetime decay in supplementary data, figure S2). Two components were needed 

to fit the fluorescence decay of native BSA, on the other hand three components were 

needed to fit the data for BSA Au nanocluster. It is clear from the plot that potassium iodide 

(KI) efficiently quenches the tryptophan emission in native BSA compared to the tryptophan 

emission from the BSA Au nanoclusters suggesting that the tryptophan is well shielded 

inside the BSA gold cluster complex and can not be accessed easily. In figure 2 right panel, 

the Stern-Volmer plot for the emission intensity (650 nm) of BSA Au nanoclusters is shown 

(fluorescence decay in supplementary data, figure S3). Three components were needed to fit 

the lifetime decay of BSA Au nanocluster at its peak emission. It can be observed from the 

graph that the KI has a very little effect on the peak emission intensity of BSA Au 

nanoclusters due to the protein corona covering the gold clusters tightly. The steady state 

intensity change in tryptophan emission of the native BSA and BSA Au nanoclusters and the 

peak emission (650 nm) of the BSA Au nanoclusters are shown in supplementary data 

(Figure S4, S5 and S6). This experiment further confirms the shielding of tryptophan along 
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with gold clusters inside BSA and increases the probability of tryptophan residues being 

present in close proximity to the gold atoms.

4.2. Effect of denaturants

Guanidine hydrochloride is a known denaturant for proteins and hence widely used to study 

the chemical and physical properties of folded and unfolded proteins. Guanidine 

hydrochloride has the ability to weaken the non-covalent bonds and hence alter proteins 

structure and stability. It is assumed that the guanidine hydrochloride binds to the peptide 

bonds as the protein unfolds, more number of peptide bonds becomes accessible to the 

denaturant and hence they tend to lose their tertiary structure [33–37]. Here in this 

experiment, we have tried to observe the effect of guanidine hydrochloride on the 

fluorescence properties of native BSA and BSA Au nanoclusters. In figure 3 left panel, it 

can be observed that the native BSA shows about an 80% decrease in the peak emission 

intensity of the tryptophan due to significant unfolding and exposure of tryptophans to the 

aqueous environment whereas; there is only a slight change in the emission intensity of the 

tryptophan of the BSA Au nanoclusters due to the strong interaction of gold surface and 

thiol groups of the protein which resist the complete unfolding and may result in small 

structural changes in protein conformation. Figure 3 right panel shows the effect of 

guanidine on the peak emission wavelength of the tryptophan from the native BSA and BSA 

Au nanoclusters. As shown in the figure that both native BSA and BSA Au nanoclusters 

showed a small red shift when exposed to guanidine. This bathochromic shift in the 

tryptophan emission is due to the exposure of tryptophan molecule to a more polar 

environment [38]. In figure 4, we observed the effect of guanidine on the peak emission 

intensity and wavelength of BSA Au nanoclusters after 360 nm excitation. It was observed 

that there is 40% decrease in the peak emission intensity of BSA Au nanoclusters and a 

small red shift in the peak emission wavelength. This drop in emission intensity is due to 

partial unfolding of the BSA which will expose the gold cluster to surrounding solvent and 

oxygen dissolved in it. The drop in staeady state intensity conforms with the observation 

made by Mali et al. They had shown similar results in the fluorescence lifetime of BSA Au 

nanoclusters. They could see a 44% decrease in the fluorescence lifetime of BSA Au 

nanocluster with 8M guanidinium chloride suggesting the simultaneous change in 

fluorescence lifetime and qantum yeild [31]. Similar experiment was performed using urea. 

The data for the denaturant effect of urea is provided in the supplementary data (figure S7 

and S8).

4.3. Effect of temperature

Temperature is known to produce a local change in the protein microenvironment. It is 

known that the heat disrupts the hydrogen bonds and the non-polar hydrophobic interactions, 

which can produce a local change in the tryptophan microenvironment and affects its 

spectroscopic properties [39,40]. In figure 5 left panel, we can observe the effect of 

increasing temperature on the emission intensity of the tryptophan from both native BSA 

and BSA Au nanoclusters. The emission intensity for the native BSA is decreased by about 

80% along with a blue shift in the peak emission wavelength (figure 5 right panel). This blue 

shift and low intensity is due the change in the local hydrophobicity along with decrease in 

quantum yield (due to intramolecular quenching) with an increasing temperatures. We also 
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measured the effect of temeperature on the fluorescence lifetime of tryptophan in native 

BSA and BSA Au nanocluster (Supplimentary data, figure S9). Three components were 

needed to fit the lifetime decay of tryptophan for both native BSA and BSA Au nanocluster. 

A decrease in fluorescence lifetime with increasing temperature was observed for both 

native BSA and BSA Au nanocluster. In case of BSA Au nanoclusters, it appears that the 

emission intensity of the tryptophan decreases with an increase in temperature. The peak 

emission wavelength of the tryptophan from BSA Au nanoclusters showed a small red shift 

suggesting temperature induced small conformational change. In figure 6, we observed the 

effect of the temperature on the peak emission intensity and wavelength following a 360 nm 

excitation. It is observed from the figure that with an increase in temperature, there is a 

decrease in the emission intensity whereas, peak emission wavelength remained constant. 

This decrease in emission intensity is due to the decrease in the quantum yield with an 

increasing temperature. To confirm this, we also measured the effect of increasing 

temperature on the fluorescence lifetime of BSA Au nanocluster. It was observed that with 

increasing temperature, there was a decrease in fluorescence lifetime (Supplementary data, 

figure S10). Three components were needed to fit the fluorescence decay of BSA Au 

nanocluster when observed at peak. Similar result was reported by Zhang et al. in which 

they have shown the temperature induced changes on the steady state emission intensity of 

BSA Au nanocluster following an excitation at 500 nm however they did not measure the 

lifetimes. However, there was no report on the tempetature induced effect on the tryotophan 

emission of these BSA Au nanoclusters [41]. Wen et al. had shown the fluorescence origin 

of BSA Au nanocluster using temperature dependent fluorescence. They proved that the 

structure of BSA Au nanocluster consistes of two bands. The band I originates from the 

icosahedral core of 13 Au(0) atoms. A red shift in emission upon increasing temperature is 

due to electron-phonon and surface scattering. The band II arise from the [-S-Au(I)-S-Au(I)-

S] semirings [42,43].

4.4. Effect of pH

It is known that the pH of the solution has a significant role in maintaining the structural 

integrity of the proteins [44]. Therefore, we measured the effect of pH on the emission 

profile of tryptophan of native BSA and BSA Au nanoclusters following a 280 nm exciation 

light. We also observed the effect of the pH on the peak emission intensity and wavelength 

of BSA Au nanoclusters after 360 nm excitation. In figure 7 left panel, it can be seen that 

there is a change in the emission intensity of the tryptophan from both native BSA and BSA 

Au nanoclusters with an increase in pH. Native BSA showed a decrease in the emission 

intensity with an increase in pH. In case of BSA Au nanoclusters there was a decrease in the 

emission intensity of the tryptophan from pH 6 to 12. Lower intensity at pH 4, is due to the 

visible aggregation of the protein in the solution as isoelectric point of the BSA lies very 

close to this pH. In fig 7 right panel, for native BSA, it was observed that there was no 

change in the peak emission wavelength until pH 10 and after that there was a sudden red 

shift suggesting protein unfolding and exposure of the tryptophan to a more polar/aqueous 

environment. In case of BSA Au nanoclusters there was a red shift with an increasing pH for 

the peak tryptophan emission wavelength after 280 nm excitation pointing towads 

reshuffling of amino acids chains making tryptophan accessible for polar environment. 

Figure 8 shows the effect of pH on the peak emission intensity and wavelength of BSA Au 
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nanoclusters after 360 nm excitation. Emission intensity decreases slightly from pH 6 to 12 

whereas there was no significant change in the peak emission wavelength. Cao et al. 

reported a similar decrease in the tryptophan emission with an increasing pH. However, they 

reported an increase in the peak emission intensity of BSA Au nanocluster following 

excitation at 500nm for pH 2–11 which is not in accordance with our results [45]. One 

would expect a decrease in the fluorescence intensity of the BSA Au nanocluster with 

increasing pH suggesting protein unfolding at higher pH. Wen et al. reported quantum 

confined stark effect in Au8 and Au25 nanocluster and suggested that ultrasmall size gold 

nanocluster can be used for probing electric field or pH sensing in microenvironment of 

biological systems[46] and hence this information is useful.

5. Conclusions

In this paper we have experimentally measured the effect of quenchers, denaturants, 

temperature and pH on the emission intensity and emission wavelength of native BSA and 

BSA Au nanoclusters. Native BSA showed drop in tryptophan fluorescence and red shifted 

emission at higher pH, denaturant concentration, temperature, guanidine concentrations due 

to unfolding of the protein. However, all these effects were less prominent in case of BSA 

Au cluster suggesting the strong interaction of thiol bonds with gold surface. We have also 

observed some changes in the the peak emission intensity and emission wavelength of BSA 

Au Nanocluster following a 360 nm excitation. Robustness of such hybrid flurophores to the 

changes in its environment is an important information in exploring the biochemical 

applications of such flurophores.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

1. Tryptophan is easily accessible in native BSA compared to BSA Au 

nanoclusters.

2. Guanidine HCL denatures native BSA more compared to BSA Au nanoclusters.

3. High temperature decreases the quantum yield of tryptophan and BSA Au 

nanocluster.

4. Emission wavelength of BSA Au nanoclusters remains constant with increasing 

pH.

5. BSA Au nanoclusters are robust to the changes in their environments.
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Figure 1. 
Tryptophan emission spectra in native BSA and BSA Au nanoclusters using a 280 nm 

excitation.
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Figure 2. 
Left panel- Stern-Volmer plot showing tryptophan quenching in native BSA and BSA Au 

clusters. Right panel- Stern- Volmer showing quenching of peak emission (650nm) of BSA 

Au nanoclusters.
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Figure 3. 
Left panel- Emission intensity of tryptophan in native BSA and BSA Au nanoclusters as a 

function of guanidine concentration. Right Panel- Peak emission wavelength tryptophan in 

native BSA and BSA Au clusters as a function of guanidine concentration. Both 

measurements were done using a 280 nm excitation.
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Figure 4. 
Normalized emission intensity and Peak emission wavelength of BSA Au nanoclusters as a 

function of guanidine concentration using a 360 nm excitation.
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Figure 5. 
Left panel- Emission intensity change as a function of temperature for tryptophan in native 

BSA and BSA Au nanoclusters. Right panel- Peak wavelength change as a function of 

temperature for the tryptophan in native BSA and BSA Au nanoclusters.
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Figure 6. 
Emission intensity change and the peak emission wavelength as a function of temperature 

for tryptophan in BSA Au nanoclusters.
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Figure 7. 
Left panel- Emission intensity change as a function of pH for tryptophan in native BSA and 

BSA Au nanoclusters using a 280 nm excitation. Right panel- Peak wavelength change as a 

function of pH for tryptophan in native BSA and BSA Au clusters.
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Figure 8. 
Emission intensity change and change in peak emission wavelength as a function of pH for 

BSA Au nanoclusters.
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