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A facile drug screening method based on synthesizing 

fluorescent gold nanoclusters inside albumin proteins loaded 

with small molecular drugs and comparing the relative 

fluorescence intensities of the resultant gold nanoclusters has 

been developed and successfully applied for the quantitative 

measurement of drug-protein binding constant. 

Noble metal nanoclusters (NCs) are generally defined as ultrasmall 

(< 2 nm) particles consisting of several to a few hundreds of metal 

(Au, Ag) atoms.1-3 Due to the strong quantum confinement in the 

sub-2 nm size regime, metal NCs possess discrete and size-

dependent electronic structure and exhibit unique molecular-like 

properties, such as quantized charging,4-5 magnetism,6 and strong 

fluorescence,7-11 which are not observed in single atoms nor 

crystalline metal nanoparticles (> 2 nm)12-15. To date, several 

different synthetic strategies have been developed for the formation 

of fluorescent metal NCs.16-26 In particular, biomolecules (e.g., 

protein16 and peptide17-18) templated Au NCs have attracted 

increasing research interests owing to their excellent photostability, 

ultrasmall size, low toxicity, and good biocompatibility. These 

advantageous properties have rendered this new type of fluorophore 

ideal optical probes for biosensing and imaging applications.27-32 

The formation of protein-based Au NCs usually relies on the 

biomineralizing properties of the functional proteins themselves. In a 

typical protein-directed synthesis, gold precursors (Au ions) are 

firstly encapsulated within the protein molecule, followed by a slow 

reduction process enabled by certain amino acid residues, such as 

tyrosine,16, 33 and tryptophan,34 that can function as mild reducing 

agents at appropriate conditions (e.g., alkaline pH) to allow the 

formation of Au NCs within the protein template. For a given 

protein template, the accessibility of tyrosine residues for the 

formation of Au NCs is determined by the degree of protein 

unfolding. It can thus be rationalized that the kinetics of fluorescent 

metal NC formation could be controlled by manipulating the 

unfolding process of the protein. One way to control protein 

unfolding is to use reaction conditions that lead to protein denaturing 

(e.g., heat-treatment or exposure to denaturing agents). Previous 

studies have demonstrated that the formation process of the 

fluorescent Au NCs directed by bovine serum albumin (BSA) can be 

shortened from 48 h to 12 h by raising the reaction temperature from 

25 C to 37 C.16 This is due to the denaturation/unfolding event of 

the protein at the higher temperature that causes more functional 

tyrosine residues to be exposed for the encapsulated gold ions and 

thereafter leading to a higher reduction/reaction rate. Similarly, the 

presence of denaturing agents can also promote the protein unfolding 

process and thus accelerate the reaction rate of the formation of 

metal NCs. While a given protein has a defined thermal stability, 

binding of small molecules to the protein usually induces changes in 

protein thermal stability with modification of the midpoint 

denaturation temperature and enthalpy of unfolding.35-36 

Furthermore, different ligands may have different binding affinity to 

the protein at defined binding sites. The strategy, as for how the 

ligand binds to a specific protein may affect the kinetics of protein-

templated Au NC formation, has not been investigated before.  

Herein we report the preparation of Au NCs using ligand-bound 

protein under heat treatment and further render this strategy as a new 

and ubiquitous method for small molecular drug screening. The 

success of this method for drug screening is built upon the fact that 

drugs or ligands of different binding affinities to the protein template 

can lead to different stabilization effect against the heat-induced 

protein unfolding. Those drugs with stronger binding affinities will 

stabilize the protein better, leading to lesser protein unfolding, and 

thus a slower formation rate of Au NCs. With a naturally-occurring 

globular protein, human serum albumin (HSA), and four small 

molecular drugs (e.g., ibuprofen, warfarin, phenytoin, and 

sulfanilamide) as examples, we have demonstrated the detection of 

ligand binding to HSA and the screening of relative affinity of the 

four ligands to this protein by simply comparing the difference in 

fluorescence intensity among Au NCs synthesized at 60 C37 within 

protein templates loaded with the ligands. The fluorescence intensity 

has an inverse relationship with the binding affinities of different 
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drugs interacting with the target protein, e.g., HSA loaded with high 

affinity ligands will result in fewer amount of Au NCs formed within 

the template and thus lower fluorescence intensity is observed; and 

vice versa. Furthermore, through titration of protein ligand at 

different concentrations, we can determine the binding constant of 

drugs in homogenous solution during the in-situ synthesis of Au 

NCs without the use of sophisticated instruments. To prove the 

generality and the quantitative nature of this method, we have further 

proven the concept using another serum albumin protein (BSA) and 

warfarin as drug ligand. To the best of our knowledge, this is the 

first attempt to couple protein’s biofuntionality (i.e. drug binding 

activity) with the protein-templated Au NC synthesis for biosensing. 

The synergistic application of the dual properties of a protein 

introduces new material strategy for controlled NC synthesis and 

hitherto unreported analytical science concept for rapid drug 

screening. 

 

Figure 1. (A) Schematic of Au NCs formed by using (I) HSA and 

(II) HSA-warfarin as templates. (B) Photoemission spectra of HSA-

Au NCs prepared at (a) room temperature, (b) 60 C, and (c) HSA-

warfarin-Au NCs prepared at 60 C (all were measured at 10 

minutes upon addition of NaOH). (C) Time resolved fluorescence 

intensity at 670 nm of (a) HSA-Au NCs and (b) HSA-warfarin-Au 

NCs. (D) Far-UV CD spectra of (a) HSA, (b) HSA-Au NCs, and (c) 

HSA-warfarin-Au NCs. (Inset) The calculated -helix content of 

HSA-Au and HSA-warfarin-Au NCs. 

HSA is predominantly a helical protein with 585 amino acid 

residues, 18 of which are tyrosine residues that can be utilized to 

reduce the encapsulated Au ions. Meanwhile, HSA is composed of 

three similar domains (I-III) and two main drug binding sites, i.e., 

subdomain IIA (Sudlow’s site I) and IIIA (Sudlow’s site II) that can 

bind to a wide range of poorly soluble drugs.38 Figure 1A shows the 

schematic illustration on how the drug screening can be carried out 

through the in-situ synthesis of fluorescent Au NCs directed by the 

HSA template under heat treatment. Typically, the HSA-Au NCs 

were synthesized by adding aqueous solutions of HSA and gold 

precursors (HAuCl4) to the preheated ultrapure water at 60 C for 10 

min, followed by an addition of NaOH to bring the solution pH to 

alkaline (10.5) in order to trigger the reduction capability of tyrosine 

residues of the protein for the formation of Au NCs within the 

template (Figure 1A, route I). The as-synthesized HSA-Au NCs 

show a bright red fluorescence under the UV light (Figure 1A, item 

1), exhibiting a distinct peak at 670 nm of the emission spectrum 

(Figure 1B, red line). On the other hand, HSA was pre-loaded with 

drug molecules prior to use as the template for the synthesis of Au 

NCs under the same reaction conditions (see Figure 1A, route II for 

the warfarin-bound HSA as an example). It can be seen that a lower 

intensity of HSA-warfarin-Au NCs (Figure 1B, blue line) was 

formed under the reaction time (i.e., 10 min) as that of HSA-Au NCs 

(Figure 1B, red line). The time course fluorescence intensity in 

Figure 1C clearly shows that the formation process of HSA-

warfarin-Au NCs is slower than that of the HSA-Au NCs, suggesting 

that the ligand-bound protein is more stable against unfolding from 

heat-treatment. Therefore, by comparing the fluorescence intensity 

of Au NCs formed at a fixed reaction time, the protein-drug binding 

interaction could be identified. 

Through a comprehensive study of Au NCs formed, both with 

and without drug loading involving UV-vis spectroscopy, 

photoluminescence spectroscopy, matrix-assisted laser desorption 

ionization - time of flight (MALDI-TOF) mass spectrometry and 

circular dichroism (CD), we have confirmed that the binding of drug 

to the serum albumin only affects the formation kinetics but not the 

size/structure of the resultant Au NCs. Particularly, the optical 

absorption spectra of HSA-Au NCs and HSA-warfarin-Au NCs 

show only several small bumps in the visible range (Figure S2). No 

surface plasmon resonance (SPR) peaks have been observed, which 

rules out the possibility of forming large Au nanoparticles and 

confirms the formation of Au NCs. The photoexcitation spectra of 

the HSA-Au NCs and HSA-warfarin-Au NCs all show a major peak 

at 370 nm and two less prominent peaks at 480 and 500 nm (Figure 

S3). Together with the photoemission spectra (Figure 1B), the same 

photoluminescence properties of the HSA-Au NCs and HSA-

warfarin-Au NCs suggest that their cluster sizes/structures are 

similar.  MALDI-TOF mass spectrometry was also carried out to 

determine the size of the HSA-Au NCs and HSA-warfarin-Au NCs 

(Figure S4). The spectrum of HSA-warfarin-Au NCs is 

superimposable to that of the HSA-Au NCs, which also confirms the 

size of HSA-warfarin-Au NCs is similar to that of the HSA-Au NCs. 

The molecular weight of warfarin (MW308.33) is relatively small 

and might not be resolved in MALDI-TOF measurements. In 

addition, CD was employed to investigate the stabilizing effect of 

drug to HSA protein structure in affecting the formation kinetics of 

Au NCs inside HSA-drug templates. The far-CD spectra in Figure 

1d shows that 54.24% of -helical structure was lost during the 

formation of HSA-Au NCs at 60 C, which is the result of protein 

denaturation caused by heat treatment. By replacing the HSA with 

the warfarin loaded-HSA, 55.62% of -helical structure of HSA is 

retained (i.e. 44.38% lost). The lesser -helical loss (by 9.86%) 

confirms the stabilizing ability of the drug to HSA that retards the 

unfolding process. With this experiment, we have shown that the 

formation kinetics of Au NCs is highly sensitive to the protein 

structure, and even such subtle difference in -helical content 

(9.86%) is profound enough to result in different formation rate of 

Au NCs. This observation has laid the basis to use the Au NCs 

formation kinetics (or the intensity at a fixed reaction time) to screen 

drugs of different affinities (vide infra). 

To demonstrate the ability of this method for small molecular 

drug screening based on fluorescence intensities of the resultant 

HSA-drug-Au NCs, a total of four ligands with different binding 

affinities and drug binding sites on the HSA were tested (Table S1). 

Ibuprofen is known to bind to drug binding site II, whereas the rest 
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bind to site I with different affinities. The time resolved 

photoemission spectra of the different HSA-drug-Au NCs were 

shown in Figure S1. As can be seen in Figure 2A, the sample 

without ligand (control) shows the highest intensity amongst all, 

followed by those with sulfanilamide, phenytoin, warfarin, and 

ibuprofen sequentially. This fluorescence intensity trend is inversely 

proportional to the binding strength of three of the four drugs of 

which the binding constants (KD) have been determined in a 

previous homogenous-phased NMR study (Table S1), i. e., 

phenytoin (131.6 ± 12.5 μM), warfarin (4.0 ± 2.8 μM), ibuprofen 

(0.5 ± 1.0 μM).39 The inverse relationship between fluorescence 

intensity and binding affinity confirms our hypothesis that drugs 

with stronger binding affinities (smaller KD) can stabilize the protein 

better against denaturation during the formation of fluorescent Au 

NCs at 60 C. Sulfanilamide is known to bind to Sudlow’s site I, but 

its KD has yet to be reported. Our results suggest that sulfanilamide 

has the weakest binding affinity to HSA among all drugs tested in 

this study. In addition, the intensity trend shown in Figure 2A is 

reproducible for multiple experiments (Figure 2B), which confirms 

the reliability of our fluorescence assay to screen for the relative 

HSA-drug binding affinity in a rapid manner simply based on the 

fluorescence intensity difference of resultant HSA-drug-Au NCs. 

Also, the brightness of these Au NCs can be easily differentiated by 

naked-eyes (Figure 2B, inset), which highlights the feasibility of 

using current methodology for a convenient, fast, equipment-free 

screening of different drugs. 

 

Figure 2. (A) Photoemission spectra of HSA-Au NCs prepared at 60 

C in the presence of different drugs. Control experiment was carried 

out in the absence of any drugs. (B) Normalized photoemission 

intensity of HSA-drug-Au NCs against HSA-Au NCs (control). Both 

spectra and digital photos (inset of B) were taken at 10 min after 

addition of NaOH at 60 C. 

Driven by the consistent trend obtained on the relative binding 

affinity of drug ligands to HSA, we further modified the Au NC-

drug screening protocol for the quantitative measurement of KD. As 

a demonstrative example, we have selected warfarin and ibuprofen 

(which are known as a site I and a site II drug, respectively) as 

model ligands to measure KD. By varying the amount of ligand used 

for pre-incubation with HSA, the fluorescence intensity of the 

resultant Au NCs synthesized at 60 C was recorded and used to 

calculate the KD value by fitting with the Michaelis-Menten 

equation: Y = Rmax × C/(KD + C), where Rmax indicates the maximum 

response signal, C is the concentration of ligand and KD is the 

binding constant. As shown in Figure 3A and 3B, fluorescence 

intensity of the as-synthesized HSA-drug-Au NCs decreases as the 

amount of ligand increases, which corroborates the enhancement of 

HSA stability against unfolding (induced by thermal treatment) in 

the presence of increased amount of ligand. In other words, the 

increased amount of ligand provides a higher stability of HSA 

against thermal denaturation that results in the formation of limited 

amount of Au NCs detected at lower fluorescence intensity. The KD 

of warfarin and ibuprofen were calculated to be 10.12  2.06 μM and 

0.74  0.1 µM, respectively. These values are comparable to those 

measured from NMR study39 (4.0  2.8 μM and 0.5  1.0 μM) 

(Figure 3C), which confirms the reliability of the current method to 

quantify binding constants of different HSA-binding drugs in 

homogenous solution. 

 

Figure 3. KD measurement using dose response plots. (A) HSA-

warfarin-Au NCs and (B) HSA-ibuprofen-Au NCs synthesized by 

pre-incubated HSA-drug template at 60 C with increasing amount 

of drugs. The data was fitted to a single site binding model using 

OriginPro 8. (C) KD values determined in this study (open bar) as 

compared with those previously reported values (slash patterned 

bar). 

To demonstrate the generality and the quantitative nature of our 

drug screening assay, we have performed the drug binding test for 

bovine serum albumin (BSA), another type of albumin protein which 

shares the highly similar homology (88%) with HSA, and measured 

the binding constant of warfarin to BSA. Using the same 

experimental protocol, BSA was able to form fluorescent Au NCs in 

the absence and presence of warfarin, exhibiting an intense red 

emission at 680 nm (Figure S5). Using the similar titration method, 

we have calculated KD of warfarin with BSA (3.41  2.03 M). This 

value was quite close to the KD of warfarin with HSA reported in 

literature (4.0  2.8 μM)39 from NMR studies, which was not 

unexpected considering the highly similar homology of these two 

albumin proteins. 

In conclusion, we have developed a simple, fast (~10 min), and 

straightforward method to detect the binding of small molecular 

drugs to protein and to screen the relative affinity of various protein 

binding drugs by monitoring the formation kinetics of fluorescent 

Au NCs inside the protein-drug templates. Our design took the 

advantage of the stabilizing effect of various serum albumin-binding 

drugs against protein unfolding event that affects the formation 

kinetics of fluorescent Au NCs. The stronger a drug binds to the 

protein, the slower formation rate of the fluorescent Au NCs would 

have, leading to an inverse correlation between the fluorescence 

intensity and binding affinity of drug. Drug screening was therefore 

carried out by the simple observation of fluorescence intensity 

difference of the as-synthesized Au NCs. In addition to detecting 

drug binding and screening relative affinity, our method can further 

quantify the drug-protein binding affinity constant. Several drugs 

with a wide range of binding affinities (e.g., ibuprofen, warfarin, 

phenytoin, and sulfanilamide) to HSA and BSA have been used to 

demonstrate the concepts and to confirm the generality and 

quantitative nature of our method. 
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