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Fluorescamine Labeling for Assessment of Protein 
Conformational Change and Binding Affinity in Protein-
Nanoparticle Interaction

Yaokai Duan, Yang Liu, Wen Shen, and Wenwan Zhong*

Department of Chemistry, University of California, Riverside, CA USA 92521

Abstract

Protein adsorption alters the “biological identity” of the nanoparticles (NPs) and could affect how 

biosystems respond to the invading NPs. Study of protein-NP interaction can help understand how 

the physicochemical properties of NPs impact the interaction and thus potentially guide the design 

of safer and more effective NPs for biomedical or other applications. Binding affinity between 

proteins and NPs, and the occurrence of protein conformational change upon binding to NPs are 

two important aspects to be learned, but few methods are currently available to assess both 

simultaneously in a simple way. Herein, we demonstrated that the fluorescamine labeling method 

developed in our group could not only reveal protein conformational change upon adsorption to 

NPs, owing to its capability to label the primary amines exposed on protein surface, but also it 

could be applied to measure the binding affinity. By screening the interaction between a large 

number of proteins and four types of NPs, the present study also revealed that protein adsorption 

onto NPs could be strongly affected by structure flexibility. The proteins with high structure 

flexibility experienced high degrees of conformation change when binding to the polystyrene NPs, 

which could potentially influence protein function. Overall, we demonstrate that our assay is a 

quick, simple, and high-throughput tool to reveal potential impacts on protein activity and evaluate 

the strength of protein-NP binding.

Once entering the physiological environment like blood and cell cytoplasm, engineered 

nanomaterials (ENMs) are known to adsorb proteins and form the “protein corona” which 

acts as the new “biological identity” of ENMs. 1–7 The composition of protein corona can 

change dynamically, depending on interaction duration and the type and concentration of 

proteins in the environment. 8 The more abundant proteins could be adsorbed first and then 

displaced by the low-abundance-but-high-affinity proteins after long duration, forming the 
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stable “hard corona”. 1,8–10 Different physiological outcomes could then occur to the ENMs 

depending on what proteins are adsorbed by the ENMs. 1,4 For instance, serum albumin, 

found in the corona of silver, silica or polymer ENMs present in plasma could elongate their 

circulation time to facilitate uptake of the ENMs by the target cells, a property favored by 

ENMs employed as drug carriers, therapeutic reagents, or diagnostic tools. 4,11–13 

Transferrin adsorbed by the polystyrene and poly(glycidyl methacrylate) ENMs could 

actively target the breast or prostate cancer cells overexpressing transferrin receptor. 8,14,15 

However, serum albumin could reduce the targeting capability of such ENMs if co-existing 

in the surrounding environment, 16 probably because albumin displaces transferrin off the 

ENM surface or interferes with receptor binding by covering up the binding sites on 

transferrin. Besides the type and affinity of the adsorbed proteins, changes to protein 

conformation upon adsorption could alter the biological responses to ENMs. Not only 

protein function could be impaired, 17 but also the unfolded proteins could enhance uptake 

by immune cells, activate inflammation, as well as induce other side effects like blood 

coagulation, membrane structure damage and complement activation. 18

The close correlation between protein adsorption and biological responses to ENMs calls for 

better understanding of the interactions between proteins and ENMs and how the interaction 

is affected by the properties of ENMs and proteins. 2,10,13,19–21 The knowledge can guide 

the design of ENMs to promote the desired activity and suppress the potential adverse 

effects, improving the efficacy and safety of ENM implementation. 22 Protein binding 

affinity and conformational change are two important aspects to be assessed in study of 

protein-ENM interaction. The most common tool for study of protein conformational change 

is circular dichroism (CD), which is widely available and simple to carry out. Hydrogen-

deuterium exchange (HDX) or fast photochemical oxidation of proteins (FPOP) coupled 

with MS or NMR is more sensitive than CD and can provide details information about 

protein conformation. 23,24 Moreover, chemical crosslinking coupled with MS has been used 

to explore protein conformational change as well as the binding sites of protein on ENMs. 
25,26 On the other hand, binding affinity can be measured using separation methods 

including ultracentrifugation, 9 capillary electrophoresis (CE),27 and size exclusive 

chromatography (SEC).10 Moreover, surface plasma resonance (SPR) 10, quartz crystal 

microbalance (QCM) 28, isothermal titration calorimetry (ITC) 10 and enzyme-linked 

immunosorbent assay (ELISA) 29 have been employed to study binding affinities and 

kinetics. However, the aforementioned techniques typically require expensive instruments, 

are time consuming and technically demanding, and could be compromised by the optical 

properties of ENMs. They are also not applicable for screening the interaction between a 

large number of proteins and ENMs. Fluorescence measurement provides high sensitivity 

and is compatible with high-throughput screening. Although it has been applied to measure 

the binding affinities of proteins on some ENMs taking advantage their intrinsic property in 

fluorescence quenching30, it does not work for the ENMs not capable of generating changes 

in the optical properties of the interacting parties.

In our previous work, we have developed a fluorescencescreening method that does not rely 

on the intrinsic optical properties of ENMs or proteins, but utilizes fluorescamine labeling to 

reveal protein-nanoparticle interaction in a rapid and high-throughput manner. We 

demonstrated that protein-nanoparticle binding could alter fluorescamine labeling of the 

Duan et al. Page 2

Anal Chem. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



protein, and the resultant fluorescence patterns could differentiate the particles based on 

their core composition and size and surface properties. 31 In the present study, we applied 

this assay to screen the interaction of a good number of proteins with two sets of 

nanoparticles, revealing the key protein properties that could influence protein-nanoparticle 

interaction and the close correlation between protein conformational change and 

fluorescamine labeling. We also showed that this method could be applied to evaluate the 

binding affinities. With the capability of assessing both protein conformational change and 

binding strength, our method should be very useful in revealing the key protein and ENM 

properties that govern protein-ENM interaction.

EXPERIMENTAL SECTION

Chemicals and Biochemicals.

Fluorescamine and all proteins were purchased from Sigma-Aldrich (St. Louis, MO). 

Dimethyl sulfoxide (DMSO), sodium phosphate monobasic monohydrate, anhydrous 

sodium phosphate dibasic, sodium chloride and bicinchoninic (BCA) assay kit were 

obtained from Fisher Scientific (Waltham, MA). Ultrapure water with electric resistance > 

18.2MΩ was produced in-house, by the Milipore Milli-Q water purification system 

(Billerica, MA).

Nanoparticles.

The carboxylated polystyrene nanoparticles with an average diameter of 48 and 85 nm 

(PS48 and PS85) were obtained from Polysciences (Warrington, PA). The silica 

nanoparticles with an average diameter of 50 and 80 nm (Si50 and Si80) were purchased 

from nanoComposix (San Diego, CA).

Determination of protein properties.

Properties of protein, including molecular weight (MW), theoretical isoelectric point (pI), 

and the grand average of hydropathicity (GRAVY) value, were calculated based on protein 

sequences via the ProtParam tool available in ExPASy. All protein sequences were 

downloaded from NCBI. pI was calculated using pK values of amino acids described in 

Bjellqvist et al.32 The GRAVY value was calculated as the average of hydropathicity values 

of all amino acids in protein sequences. 33

Fluorescamine screening.

PS48 of 10 nM, PS85 of 3.2 nM, Si50 of 10 nM, or Si80 of 3.9 nM was incubated with 400 

nM protein in the PBS buffer (10 mM phosphate at pH 7.4, 137 mM NaCl, and 2.7 mM 

KCl) for 1h at 37 °C. The different particle molarities provided similar surface areas for 

protein adsorption. Then, fluorescamine was added into the mixture at a final concentration 

of 1 mM, and incubated for 5 min, before fluorescence detection was carried out in the 

Victor II plate reader.
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Data processing.

We defined F0 as the fluorescence from the protein alone labeled by fluorescamine, and F as 

the fluorescence from the protein incubated with the NPs. Fluorescence change ratio (F/F0) 

was calculated and subject to principal components analysis (PCA) using the R package 

‘ggfortify’. 34 The first two principal components were used for making the scores plots. In 

addition, k-means clustering was done by the same package. Significant test for fluorescence 

screening and PCA results were evaluated by MANOVA and linear discriminant analysis 

(LDA) with Jackknife prediction, with either the fluorescence change ratios or the first two 

principle values (PC1 and PC2) from PCA were used as the variables. For Jackknife 

prediction, all variables except one were used as the training set to classify proteins, and the 

one left out was used as the test set for test of assignment accuracy.

Measurement of NPs size.

PS48 NPs of 4 nM were incubated with different concentrations of HSA (0-12.8μM) in 

1×PBS buffer for 1h at 37 °C, and were diluted 2,000 folds by 1×PBS. Nanoparticles 

Tracking Analysis (NTA) was used to measure the diameter of PS48 NPs after dilution, in 

which the Brownian motion of the NPs was monitored by a laser and converted to the 

hydrodynamic diameter.

Quantification of protein absorption and calculation of unit fluorescence.

The same concentrations of the NPs used in the aforementioned fluorescamine screening 

were incubated with 4 μM protein for 1h at 37 °C. The incubation was split into four 

aliquots. Two were labeled by fluorescamine, and subject to fluorescence measurement. One 

of these two labeled samples was measured directly, while the other one was filtrated by a 

Vivaspin 500 centrifugal filter with a MWCO of 300kD (Sartorius AG, Goettingen, 

Germany) and the flow-through was collected for fluorescence measurement. The flow-

through contained the free unbound protein and the NP-bound protein should stay on the 

membrane. The rest two aliquots were supplied with the same volume of the PBS buffer, and 

used for protein quantification by BCA. Similar to the fluorescamine labeled samples, one 

was measured without filtration and the other was filtrated and the flow-through was 

quantified. For both the fluorescamine labeled samples and the controls, the protein in the 

filtrate (the unbound protein) or the original solution (the total protein) were quantified by 

BCA assay after adjusting the volumes to be equal. Then the unit fluorescence was 

calculated by dividing the fluorescence signal by protein concentrations.

Measurement of binding affinity.

PS48 at various concentrations were incubated with 400 nM of the protein for 1h at 37 °C. 

Then, fluorescamine was added to label the protein, and fluorescence was measured by the 

Victor II plate reader. For each protein, the fluorescence intensity was normalized to 0-1, 

with the fluorescence of the control being 0 and the maximum fluorescence value as 1. 

Origin 8.0 was used to plot the curve and fit it with the Hills equation.
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RESULTS AND DISCUSSION

Fluorescamine screening of protein-nanoparticle (NP) interaction.

Our previous work has demonstrated that fluorescamine labeling could detect protein-NP 

interaction. 31 Fluorescamine is a fluorogenic dye that can rapidly react with the primary 

amines on proteins and become fluorescent. The fast reaction rate ensures that most of the 

labeling events occur to the solvent accessible primary amines on protein surface. Thus, 

protein-NP interaction could potentially change fluorescamine labeling by blocking the 

solvent accessible primary amines. Or, the interaction could induce protein unfolding to 

expose more amines, as proved by CD measurement in our previous work.31

If our labeling assay only relies on amine exposure from extensive protein unfolding, its 

applicability would be very limited. However, fluorescamine labeling is closely dependent 

on lysine reactivity, which is sensitive to solution pH as well as the microenvironment 

surrounding the lysine residues. While carrying out the labeling reaction in PBS buffer at pH 

7.4 to match physiological conditions, we actually reduce the nucleophilicity of the amine 

groups on the lysine residues by protonation, yielding a reaction efficiency ~60%.35–37 But, 

when the lysine residue is in a hydrophobic environment or surrounded by amino acid 

residues with negative charges, its amine group would become less protonated and more 

reactive to fluorescamine. Since the surrounding of lysine residues could be altered when 

protein conformation varies, we expect our assay should be very sensitive to subtle protein 

conformational change induced by NP binding and is capable of evaluating NP binding to 

proteins with highly diverse properties.

To prove this, in the present study, we screened the interactions of the polystyrene particles 

(PS48 and PS 80) or the silica particles (Si50 and Si80) with a total of 21 proteins 

(Supporting Information, Table S1 & S2). The PS and silica Nps have been widely applied 

in drug delivery or biosensor designs, 38–41 and thus understanding their behaviors in protein 

binding could help improve their effectiveness in biomedical applications. The selected 

proteins span a wide range of pI (isoelectric point), Mw (molecular weight) and 

hydrophobicity (represented by the GRAVY scores) (Figure S1, Supporting Information). 

We also included the compact, globular proteins and the intrinsically disordered proteins to 

see how protein tertiary structure could impact on NP interaction.42 Most of those proteins 

are abundant in biological fluids,43 and thus expected to interact with ENMs entering 

biological systems.

Figure 1 shows the changes in fluorescamine labeling induced by incubation with the PS 

(Figure 1a) or silica NPs (Figure 1b). F0 and F were the fluorescence resulted from 

fluorescamine labeling before (Figure S2, Supporting Information) and after particle 

incubation, respectively; and the ratio of F/F0 from different proteins incubated with the PS 

or silica NPs were compared. When incubated with the PS NPs, most proteins exhibited 

F/F0 larger than 1, indicating that more amines were labeled by fluorescamine upon binding 

to the NPs. In addition, PS48 typically induced larger fluorescence change than PS80, with 

most of the F/F0 larger than 2. Larger variations in fluorescence change were observed when 

the proteins were incubated with the silica NPs. Most of the proteins experienced less than 

50% change in fluorescence (i.e. F/F0 > 0.5 or < 2). Multivariate analysis of variance 
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(MANOVA) also proved that the fluorescence changes induced by both PS48 and PS85 were 

significant, but those induced by Si50 and Si80 were not as significant as the PS NPs (Table 

S3, Supporting Information).

Dependence of protein-NP interaction on NP properties.

Protein-NP interactions are affected by electrostatic interaction, Van der Waals force, 

solvation, Brownian motion, etc. 44 Thus, differences in fluorescamine labeling could be 

caused by variations in NP properties. To reveal the correlation between the fluorescamine 

labeling profiles and NP properties, the statistical pattern recognition tool of PCA (Principal 

Component Analysis) was applied to visualize NP grouping based on the fluorescence 

change profiles of all 21 proteins shown in Figure 1. Each repetition of one protein-

nanoparticle pair was viewed as one individual observation, and the proteins were treated as 

the variables. After PCA, 21 original variables were reduced to two principal components 

(PCs), PC1 and PC2, that summarized 67.6% and 17.2% of the total variance in the data set, 

respectively. The score plot of PC1 vs. PC2 (Figure 2a) indeed showed satisfactory grouping 

of the NPs: PC1 that represents the majority of the variance in our data separates the PS NPs 

from the silica particles based on core material difference; and PC2 separates the two PS 

NPs of different particle diameters. However, the two silica NPs of different diameters were 

not well separated (Figure 2a). The significant difference between the two PS particles and 

that between the PS and silica NPs were also confirmed by MANOVA on the two PC values, 

with the resultant p values for comparison between different NPs being < 0.001 except for 

that between the two silica NPs (Table S4).

The grouping effect illustrated by the PCA scores plot can be explained by differences in 

surface charge and core materials of the NPs. Zeta-potential measurement showed that the 

PS NPs carried much more negative charges on their surface than the Si NPs, which may 

cause stronger attachment of the cationic residues on the protein. Besides, the base material 

of PS NPs is composed of benzene rings that could interact more strongly with the 

hydrophobic regions on protein compared to the silica NPs covered by the hydrophilic 

silanol groups.45 Moreover, the hydrophobicity of the PS core can decrease the pKa values 

of lysine residues getting close, which leads to less protonation on the amine groups and 

thus stronger nucleophilicity to react with fluorescamine.46,47

The difference observed between the two PS particles could be mainly attributed to the 

variation in size. It has been reported that the sharper surface curvature on particles with a 

smaller diameter could induce more protein conformational change, which could lead to 

more primary amines to be labeled by fluorescamine.48 Our previous work demonstrated the 

silica NPs with similar diameters but different surface charges could be differentiated. The 

outcomes from the represent and past studies support that, particle surface charge may play a 

more important role than their diameter in protein-NP interaction. The small fluorescence 

change in the silica NPs also subsidized any signal difference between the two silica NPs of 

different diameters.
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Dependence of protein-NP interaction on protein properties.

Protein-NP interaction should be affected by protein properties as well. Compared to the 

standard NPs, proteins are more diverse in properties because they have large variations in 

amino acid sequences, secondary and tertiary structures, and surface properties, increasing 

the difficulty in sorting out the dominant protein characteristics that govern protein-NP 

interaction. To explore whether the fluorescamine labeling profiles resulted from protein-NP 

interaction could differentiate the proteins by their Mw, pI, or hydrophobicity, we carried out 

PCA but with the NPs being the variables. The two PC values obtained could summarize 

close to 70% of the overall variance of the data (Figure 2b), but no clear grouping of the 

proteins was observed. The loading factors analysis (Table S5, Supporting Information) 

showed that both the PS NPs had higher loadings in PC1, while the Si NPs were more 

decisive for PC2. Supervised clustering based on one protein property, i.e. Mw, pI, or 

GRAVY score (Figure S3, Supporting Information) did not show clear separation of the 

proteins, either. The poor grouping of proteins based on the properties listed in Table S1 was 

also verified by the poor prediction accuracies of Jackknife that only used Mw, pI, or 

GRAVY to build the LDA model (Table S6, Supporting Information), with < 60% of the 

proteins assigned accurately.

This is conceivable, because proteins are varied in many characteristic values, with no 

proteins only different by one or two properties while keeping the other(s) similar. In 

addition, the values of Mw, pI and GRAVY were calculated from the primary structures of 

the proteins, with no consideration of the secondary and tertiary structures nor the post 

translational modifications (PTMs). Since protein-NP interaction occurs between the surface 

of proteins and NPs, the surface properties are more important than the overall properties 

calculated from protein’s amino acid sequence, which could be strongly affected by protein 

folding status and PTM and not be easily obtained.26‘49

We then applied the unsupervised clustering method, k-means clustering, on the PCA results 

with the NPs as the variables. This method can allow to classify the input dataset into k 

groups and visualize the relationship between samples in our dataset. Simply speaking, the 

distance between each data point and randomly selected centers was calculated, and the data 

points with the smallest square of the distance were viewed as similar data points and 

grouped together. Interestingly, the proteins were assigned into two groups, separated by PC 

1 = 0 on the scores plot (Figure 2b). If examining the separation more closely, we found that 

the proteins grouped on the left panel of the PCA scores plot (PC1 < 0) are much more 

diverse in property, with no common structure features easily identified. On contrary, the 

group with PC1 > 0 included the proteins showing high fluorescence changes when 

incubated with NPs, the majority of which are with high structural flexibility. The most 

obvious one is beta- casein, an intrinsically disordered protein with the largest instability 

index among the proteins tested.42 It is less ordered in structure and more flexible than 

globular proteins like human serum albumin (HSA). Transferrin and conalbumin share high 

sequence similarity, and the crystal structures of both proteins show two lobes linked by 

flexible loops (Figure S4, Supporting Information). 50,51 The relative position between the 

lobes is changing and unstable, as reflected by the high B factors found for the amino acids 

(a.a.) involved in the C terminal lobe of transferrin (Fig. S6): a higher B factor corresponds 
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to a higher mobility of the a.a. residue. Hemoglobin and catalase can form tetramers in 

solution, which are considered as a flexible structure as well.52

The only exception is cytochrome c that contains high alpha helix contents and low B factors 

in its structure. However, it is worth noting that, ligand binding to cytochrome c could 

induce slight conformational change and cause disruption and rearrangement of the 

interactions such as hydrogen bonding and salt bridging between lysine residues.53 

Interestingly, hemoglobin and transferrin could have similar phenomena upon ligand 

binding. The well-known Bohr effect of hemoglobin describes that binding of oxygen could 

induce conformational change in hemoglobin and disrupt the salt bridges involving 

histamine and lysine residues, along with decrease of their pKa values and loss of 

protonation.54 Upon binding or releasing of iron ions, the conformation of transferrin 

changes and is accompanied with deprotonation on lysine residues.55 Therefore, we expect 

that when these proteins bind to NPs, similar effects could be induced and thus change the 

reactivity of the lysine residues towards fluorescamine, altering the labeling profile.

Protein adsorption on NPs and fluorescamine labeling.

With better understanding on how particle or protein properties could affect fluorescamine 

labeling, we went on to evaluate whether the fluorescence signal could reflect the amount of 

proteins adsorbed by the NPs. Such a correlation could allow affinity measure using our 

assay. We employed centrifugation to separate the free and NP-bound proteins. The 

centrifugal filter has a MWCO of 300 kDa that should pass the free proteins through but 

keep the large NPs with the adsorbed proteins on the filter top. We chose to evaluate the 

adsorption of 9 proteins on PS48, including transferrin, conalbumin, catalase, cytochrome C 

and hemoglobulin. These proteins showed higher fluorescence change than others when 

incubated with PS48. HSA was also tested to represent the proteins exhibiting medium-to-

low fluorescence change.

The incubation procedure was carried out as done in the screening assay. The protein and NP 

mixture was added to the filter, and the free proteins eluted to the filtrate were quantified by 

BCA. The amount of proteins remained on the filter was then calculated and divided by the 

total amount of the protein used in the incubation to give out the %Adsorption plotted in 

Figure 3a. We can see from this plot that transferrin and conalbumin led to the highest 

%Adsorption, with close to 80% of the protein absorbed onto the PS48 NPs upon 

incubation. HSA yielded the lowest %Adsorption (< 50%), agreeing with its lower 

fluorescence changes than the other proteins during fluorescamine screening. Pearson 

correlation analysis showed that, except for the three proteins with high structure flexibility 

– transferrin, conalbumin, and catalase, the %Adsorption holds a strong linear correlation 

with the fluorescence change ratio F/F0 (Figure S5, Supporting Information; Pearson 

correlation coefficient = 0.9756, p-value = 8.8E-4). This supports that, more proteins 

adsorbed, more amines would be labeled by fluorescamine. The three proteins with high 

structure flexibility also formed another linear relationship between F/F0 and %Adsorption 

that had a smaller slope. They could experience a different degree of conformational change 

per unit mass of the adsorbed protein, than the other proteins.

Duan et al. Page 8

Anal Chem. Author manuscript; available in PMC 2018 November 21.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



The fluorescence signal detected from the protein and NP mixture is from both the free and 

the NP-bound proteins. To compare the degree of labeling in these two groups of proteins 

for better understanding of the relationship between adsorption and resultant fluorescence, 

we also filtered the incubation mixture that went through fluorescamine labeling. The 

fluorescence in both the mixture (before filtration) and the filtrate was measured and divided 

by the protein concentration in the corresponding solution, termed “unit fluorescence” (UF), 

which should reflect the degree of fluorescamine labeling per unit mass of the protein in the 

free or NP-bound proteins. The UF in the protein-PS48 mixture was much higher than that 

in the filtrate (Figure 3b), i.e. UFmix/UFfree >> 1, proving that the protein adsorbed on the 

NPs indeed experienced a higher degree of labeling compared to the free proteins, further 

proving that adsorption to the NPs changed protein conformation and activated more amine 

groups to be reactive with fluorescamine (Figure 3c).

Influence of protein or NP concentrations on the fluorescence profiles.

For our assay to properly reflect protein adsorption and conformational change, the molar 

ratio between the protein and NPs should be carefully chosen. If the protein amount is much 

higher than NPs, only a small portion of the protein could bind to the NPs, resulting in a 

small F/F0. Hence, influence of protein concentration on fluorescamine labeling was 

investigated. HSA was chosen as the model protein and the concentrations of HSA were 

changed from 40 nM to 8 μM, with the NP concentration fixed at either 4 or 40 nM. After 

incubating HSA with PS48 for 1 hr at 37 °C, fluorescamine was added to the mixture for 

protein labeling. Agreeing with our assumption, the fluorescence change ratios (F/F0) 

decreased with increasing protein concentration for both NP concentrations, indicating 

binding saturation at higher protein concentrations (Figure S6, Supporting Information).

A clearer relationship of fluorescamine labeling and adsorption saturation can be viewed by 

the normalized fluorescence change (F-F0)/(Fmax-Fmin), with Fmax and Fmin being the 

highest or lowest fluorescence signals in the dataset, respectively (Figure 4a). The value of 

(F-F0) should represent the difference in the number of labeled amines before and after 

interaction with the NPs, and the normalization eliminates the random difference between 

data sets for clearer comparison. At lower protein concentrations between 40-200 nM, 

fluorescence increased gradually with protein concentrations (Figure 4a). This suggested 

that the surface areas of PS48 were enough to accommodate all HSA molecules, and with 

increasing protein concentrations, more proteins were adsorbed and experienced 

conformational change. When the concentrations of HSA increased further, such an increase 

slowed down, indicating that the proportion of HSA interacting with PS48 decreased, with 

fewer adsorption sites available. With the concentration of HSA higher than 2 μM, the curve 

reached a plateau if the PS48 concentration was 4 nM (500:1 molar ratio of HSA:NPs, Fig. 

4a). At this point, all active adsorption sites of PS48 were occupied by HSA and no more 

proteins could interact with PS48. To monitor the adsorption of HSA on PS48 NPs, size 

information of NPs was obtained via NTA under different protein/NPs ratios (Figure 4b). We 

can see the diameter of NPs increased with protein concentration and reached a plateau at 

[HSA] = 2 μM. With a higher PS48 concentration of 40 nM, the fluorescence signal kept 

increasing, although with a lower slope. It was expected that a plateau would be reached 

with HSA concentration increasing beyond 20 μM, but this concentration was outside of the 
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linear range of fluorescamine labeling for primary amines, and was not tested. The results 

indicate that the fluorescence signal should reflect the proportion of protein adsorbed and 

can possibly be used for evaluation of binding affinity if keeping the ratio of protein to NP 

below the saturation level.

NP could also influence fluorescence measurement. Similar to other organic fluorophores, 

the fluorescence of fluorescamine can be influenced by NPs, by either the inner filter effect 

(IFE) or the near-field effects including dynamic or static quenching, surface enhancement, 

and quantum yield variation, which depends on the position or distance of fluorescamine 

relative to the NPs.56 In fact, these are the same concerns shared by using other optical 

methods to assess protein-NP interaction, especially when analyzing the luminescent NPs or 

those inducing strong light absorption or scattering.57 To evaluate the impact from NPs to 

fluorescence measurement, we incubated 400 nM of the fluorescamine-labeled HSA with 

different concentrations of the PS NPs, and indeed observed some quenching of the 

fluorescence from the NPs: the fluorescence change ratio F/F0 (with F being the 

fluorescence at the presence of NPs) increased linearly with particle concentration when 

[NP] > 5 nM (Figure S7 and S8 in Supporting Information). The bigger PS NPs showed 

larger influence, by increasing the fluorescence for ~ 50% at [PS85] = 10 nM; while < 20% 

change in fluorescence was observed for PS40 at 10 nM. Such an increase may be attributed 

to interparticle scattering. 49 In our screening, we kept the NP concentrations at 10 nM for 

PS48 or 3.2 nM for PS85, to keep the impact from NPs low (increasing the fluorescence by 

1.1 or 1.2 folds) so that the measured fluorescence is only correlated to protein binding. 

Correction can also be applied for situations that large influence from NPs is observed 

taking advantage of the linear relationship between fluorescence change and NP 

concentration.

Assessment of the affinity of protein-NP interaction.

Fluorescamine labeling is sensitive to the reactivity of primary amines on the protein which 

could be strongly impacted by protein conformational change. Protein-NP interaction is 

likely to induce protein conformational change, making our assay valuable in interaction 

assessment. Our above results prove that if the appropriate protein and NP concentrations 

are used in our assay, the fluorescence change can be viewed as the signal of binding. Thus, 

the ratio can be plotted against NP concentration to obtain the binding curve of protein-NP 

interaction. We chose 13 proteins to explore their binding curves with PS48. These protein-

particle pairs showed higher fluorescence changes than others. The fluorescence of avidin, 

aprotinin, and conalbumin increased with increasing PS48 concentration (from 0 – 6 nM) 

and reached a plateau at different [PS48] (Figure S9, Supporting Information).

By plotting the fluorescence change at any NP concentration, i.e. (F – F0) after 

normalization with the maximum change at the plateau, i.e. (Fmax – F0), verse NP 

concentration, we obtained the binding curves that can be fitted with the Hill equation 

(Figure 5 and Figure S9 for all 13 curves). The Kd (the macroscopic dissociation constant) 

was also calculated and listed in Table 3. In this fitting, the protein was viewed as the 

receptor, and the binding site on NPs were treated as the ligand, assuming that each NP were 

identical and carried the same number of binding sites. By monitoring the fluorescence 
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resulted from fluorescamine labeling of the protein upon binding to the NPs, we measured 

the change in the “receptor” when interacting with the ligand, matching well with the 

receptor-ligand binding model illustrated by the Hill equation.

From Table 1, we noticed that, the Kd values were not simply related to the size, pI, or 

hydrophobicity of the proteins, agreeing with the above PCA results (Table 1, Figure S11). 

Aprotinin has the smallest Kd among all proteins tested. It is a basic protein and carries 

positive charges to have electrostatic interaction with the negatively charged NPs. But the Kd 

values of two acidic proteins, antitrypsin and TCI, are also smaller than most of the other 

proteins. Conalbumin and transferrin are proteins with high homology, but different Kd 

values were obtained from our screening. It is worth noting that proteins with higher 

flexibilities, like beta-casein (an IDP protein), catalase, and transferrin, was proved to be 

weak binders with larger Kd values, although they showed large fluorescence change ratio in 

the screening at a fixed protein concentration (Figure 1). This indicates that a higher degree 

of conformal change in protein does not directly reflect stronger binding affinity. However, 

our assay is a convenient tool to assess both conformational change and binding affinity.

CONCLUSION

The present work demonstrated that fluorescamine labelling can be applied to evaluate 

binding between proteins with diverse properties and NPs, and the fluorescence should 

reflect protein conformational change caused by interaction with NPs. The impacts on the 

fluorescent signals from protein or particle concentrations were also evaluated to reveal the 

suitable protein and NP concentration ranges for affinity measurement using our assay. The 

study proves that, our method is convenient and rapid for assessment of protein-NP 

interaction, and fluorescamine labeling should reflect protein conformational change upon 

NP adsorption because of the high sensitivity of amine reactivity with the surrounding 

environment. Moreover, our assay can be used for evaluation of binding affinity using 

simple instrumentation. It is valuable to screen for proteins with higher binding affinities to 

NPs but experiencing lower conformational change which are useful for particle 

functionalization in biomedical research. On the other hand, conformational change may 

alter protein functions. For example, the metalloproteins screened in our study all underwent 

obvious conformational changes upon interacting with the negatively charged nanoparticles, 

indicating the potential adverse impact on protein functions by the charged PS nanoparticles. 

Follow-up studies on impact of NPs on the functions of such proteins are needed for toxicity 

evaluation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Fluorescamine labeling profiles of proteins with a) PS and b) Si nanoparticles. PS48 of 10 

nM, PS85 of 3.2 nM, Si50 of 10 nM, or Si80 of 3.9 nM was incubated with 400 nM protein 

in the PBS buffer (10 mM phosphate at pH 7.4, 137 mM NaCl, and 2.7 mM KCl) for 1h at 

37 °C. Then fluorescamine was added to final concentration of 1mM, and incubated for 

5min before fluorescence signals being measured. Fluorescence signals change ratio (F/F0) 

were calculated by dividing the signal of protein-NP pairs (F) by that of controls (F0).
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Figure 2. 
PCA scores plots obtained by a) treating the proteins as the variables to group the NPs; and 

b) treating the NPs as the variables to group the proteins and assigning the proteins by the 

boundaries determined by k-means clustering. Three repeats were evaluated. Ellipses shown 

were at 95% confidence.
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Figure 3. 
Comparison of a) %Adsorption of each protein on PS48, and b) ratio of unit fluorescence of 

each protein in the incubation mixture and in the filtrate. c) Illustration of fluorescence 

signal increase upon protein binding to the NPs. The bound protein would undergo 

conformational change that increases lysine reactivity with fluorescamine, and results in 

increased fluorescence signal.
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Figure 4. 
a) Normalized fluorescence change of HSA incubated with PS48 at 40 or 4 nM. 

Fluorescamine was added at a final concentration of 1mM. The change between 

fluorescence of HSA incubated with PS48 NPs (F) and that of HSA itself (F0) was 

normalized to 0-1 using Fmax and Fmin in the dataset for better visualization. b) 

Hydrodynamic diameter of PS48 NPs changed along with HSA concentrations. Sizes were 

measured by Nanosight™ (Malvern Instruments) using the Nanaoparticle Tracking Analysis 

software, after PS48 NPs were incubated with different concentrations of HSA (0-12.8 μM) 

in PBS buffer for 1 hr at 37 μC.
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Figure 5. 
Normalized fluorescence of aprotinin, beta casein, and transferrin, under different PS48 

concentrations. All proteins were at 400nM. Fluorescamine was added to a final 

concentration of 1 mM after proteins were incubated with PS48 in PBS for 1 hr at 37μC. For 

each protein, fluorescence signals were normalized to that with highest PS48 concentrations. 

Hills fitting was conducted with Origin 8.0 (OriginLab Corp.).
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Table 1.

Dissociation constants (Kd) calculated from the binding curves. All proteins were in 400nM.

Protein Kd(μM) Protein Kd(μM)

APO 0.24±0.16 HG 0.81±0.24

AT 0.45±0.23 LA 0.61±0.06

AVI 1.07±0.25 MBP 0.96±0.12

BC 1.75±0.33 OVA 1.03±0.07

BSA 1.43±0.56 RBP 1.57±0.24

CA 0.63±0.08 TCI 0.39±0.23

Cat 0.91±0.05 TF 1.05±0.07

CC 0.95±0.07 TIC 0.56±0.09

HSA 1.29±0.07
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