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A generic approach based on long-lifetime fluorophores for the 
assessment of protein binding to polymer nanoparticles by 
fluorescence anisotropy  

Marwa A. Ahmed,a,b Dóra Hessz,c,d Benjámin Gyarmatic, Mirkó Páncsics,a Róbert E. Gyurcsányi,a,e,f 
Miklós Kubinyi,c and Viola Horváth*a,f 

Quantitation of protein-nanoparticle interactions is essential for the investigation of the protein corona around NPs in-vivo 

and when using synthetic polymer nanoparticles as affinity reagents for selective protein recognition in-vitro. Here, a 

method based on fluorescence anisotropy measurement is presented as a novel, separation-free tool for the assessment of 

protein-nanoparticle interactions. For this purpose, a long-lifetime luminescent Ru-complex is used for protein labelling, 

which exhibits low anisotropy when conjugated to the protein, but displays high anisotropy when the proteins are bound to 

the much larger polymer nanoparticles. As a proof of concept, the interaction of lysozyme with poly(N-isopropylacrylamide-

co-N-tert-butylacrylamide-co-acrylic acid) nanoparticles is studied and fluorescence anisotropy measurements are used to 

establish the binding kinetics, binding isotherm and a competitive binding assay.

Introduction 
Synthetic nanoparticles (NPs) have emerged as indispensable 

tools in the biomedical field with key applications in medical 

diagnostics, regenerative medicine, drug delivery vehicles and 

in bioassays as novel affinity materials and signal enhancers.1 In 

all these applications NPs interact with biological systems, 

therefore the understanding of the bio-nano interface, is of 

utmost importance. 

Nanoparticles in vivo penetrate to virtually all parts of the body 

including cells and organelles which leads to the immediate 

build-up of a protein layer on their surface. Since the seminal 

paper of Dawson2, it is widely accepted that the biological 

impact of the NPs is fundamentally influenced by the nature and 

organization of the associated proteins, the protein corona.3 

The protein corona is composed of proteins with a wide range 

of affinity constants and on-off rates and its evolution is highly 

dynamic, involving kinetically driven and equilibrium binding 

processes. It is essential to gain quantitative information about 

these processes to understand how they influence the 

behaviour and functionality of NPs in biological systems. Protein 

binding is also important when using nanoparticles for in vitro 

bioassays in biological fluids. Besides the “conventional” use of 

NPs to enhance detection sensitivity, they can be also 

engineered to act as fully synthetic affinity ligands for the 

selective quantitation of proteins in biofluids. For example, 

poly(N-isopropylacrylamide) (PNIPAm) nanoparticles with 

functional co-monomers complementary to various amino acid 

residues, can be selected from small combinatorial libraries to 

bind a specific protein.4 In addition, molecular imprinting of 

polymer NPs using solid phase bound template proteins results 

in high affinity and high selectivity nanoMIPs (molecularly 

imprinted nanoparticles).5,6 Such NPs are expected to overcome 

the shortcomings of antibodies by providing better stability, 

cost-effectiveness, as well as the convenience of reproducible 

chemical synthesis. All these polymer NPs capture and 

concentrate the target protein from biological samples 

selectively, and the protein binding needs to be quantitated. 

Currently the conventional approach to quantify the protein-NP 

interaction relies on the separation of the free and NP bound 

proteins by either centrifugation, magnetic force (in case of 

magnetic NPs) or size exclusion chromatography7, followed by 

the analysis of the protein(s) with simple colorimetric assays, 

ICP-MS or LC-MS-MS8. However, low affinity interactions, which 

exhibit high dissociation rates, cannot be studied in this way, 

because the fast dissociation of the complex after separation 

perturbs the equilibrium. The separation-free methods are 

more powerful in this respect, but their use is generally limited 

either to particular types of nanoparticles, to high protein 

concentrations or involve immobilization of one of the reagent 

partners.9 Thus, fluorescence quenching upon protein-NP 

binding, which uses the intrinsic fluorescence of proteins10 and 

fluorescent labels11 or fluorescent NPs12, is mostly limited to 
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inorganic NPs, where fluorescence quenching is much more 

pronounced. Isothermal titration calorimetry commonly 

applied to determine the affinity constant and enthalpy change 

of the binding needs a large amount of purified protein.4,13 

Fluorescence correlation spectroscopy (FCS), which follows the 

increase in the hydrodynamic radius of NPs upon protein 

adsorption14,15, is limited to <100 nm NP size, moreover, 

requires fluorescent protein or NP probes. Surface plasmon 

resonance (SPR)4,5,16 or quartz crystal microbalance (QCM)4,17 

measurements are label-free methods, but they rely on NP 

immobilization on planar surfaces or on NPs with plasmonic 

properties. FCS, SPR and QCM can provide information about 

the binding kinetics as well.  

Hence, it would be of interest to develop a more generic 

separation-free method to sensitively quantify protein binding 

to nanoparticles. To not be limited by the particular properties 

of the nanoparticles, their generally larger size than that of the 

proteins could be exploited as a generic property. In this respect 

fluorescence polarization/anisotropy as a cheap and fast 

separation-free way to measure protein-ligand interactions in 

real-time (appropriate for kinetic analysis), even in a high-

throughput manner, contours as a particularly suitable 

technique. Although the Lakowicz group demonstrated earlier 

that fluorescence polarization immunoassay (FPIA) for larger 

protein antigens is feasible with suitable selected 

fluorophores18, this technique is largely limited to the 

assessment of low-molecular weight compounds.  

Here we put forward a new approach to quantitate protein-

nanoparticle interactions based on measuring fluorescence 

anisotropy by using long-fluorescence lifetime fluorophores (τ > 

several hundred ns) as protein labels. With conventional 

fluorophore labels of a few ns fluorescence lifetimes, this is not 

possible due to the inherently high anisotropy of the labelled 

proteins that would not change significantly upon binding to a 

NP. However, with long fluorescent lifetime fluorophores, the 

rotational correlation time of the labelled protein becomes 

insignificant on this timescale and low anisotropy is expected. 

Since NPs possess several orders of magnitude higher molecular 

weights than antibodies, the protein binding to the NPs would 

result in significantly higher rotational correlation times, i.e., 

significantly higher anisotropy values. Thus, we hypothesised 

that the protein-nanoparticle interaction could be sensitively 

detected and quantified in this way (Scheme 1). 

To test this hypothesis, in the present work, the interaction of 

the antimicrobial enzyme, lysozyme with polymer nanoparticles 

is studied by steady-state anisotropy measurements. A long-

lifetime, asymmetrical Ru-complex probe is used as the protein 

label, which displays high anisotropy in the frozen state.18 

Poly(N-isopropylacrylamide-co-N-tert-butylacrylamide-co-

acrylic acid) nanoparticles (PNPs) with an optimized ratio of the 

co-monomers are utilized, as they have been shown earlier to 

possess high selectivity towards lysozyme.19 Such type of 

polymers is at the core of nanoMIPs. Besides its direct 

application for the characterization of binding interactions, the 

bioanalytical use of the proposed approach is also shown 

through the quantitative assessment of lysozyme by 

competitive binding to the selective PNPs. 

 
Scheme 1: Schematic representation of the proposed fluorescence anisotropy method. 

The long-lifetime fluorescent probe ((bis(2,2'-bipyridine)-4’-methyl-4-carboxy-pyridine-

ruthenium N-succinimidyl ester-bis(hexafluorophosphate); RuL-Su) has close to zero 

anisotropy, i.e., it emits depolarized light (red arrows), when excited by a polarized light 

(blue arrows). The anisotropy of the emitted light increases only to a small value when 

the probe is bound to the protein (RuL-Lys), due to the long lifetime of the fluorophore. 

However, the anisotropy increases drastically, when the protein-probe conjugate binds 

to the polymer nanoparticle (PNP), thereby the protein-nanoparticle interaction can be 

detected. 

Experimental 

Materials and methods 

Chemicals. All reagents used were at least of analytical grade. 

N-isopropylacrylamide (NIPAm), acrylic acid (AAc), N,N’-

methylene bisacrylamide (BIS), ammonium persulfate (APS), 

sodium dodecyl sulfate (SDS), N,N-dimethylformamide (DMF), 

freeze-dried Micrococcus lysodeikticus, lysozyme from chicken 

egg white (MW 14.3 kDa, pI 11.35) and bis(2,2'-bipyridine)-4'-

methyl-4-carboxypyridine-ruthenium N-succinimidyl ester bis 

(hexafluorophosphate) (RuL-Su) were obtained from Sigma-

Aldrich (Burlington, MA, USA). N-tert-butylacrylamide (TBAm) 

was purchased from Tokyo Chemical Industry (Tokyo, Japan). 

NIPAm was recrystallized from hexane and AAc was passed 

through an aluminium oxide inhibitor remover column (Sigma-

Aldrich) before use. Ultrapure water was produced by a 

Millipore Direct-Q system (Merck). 

 

Synthesis of the polymer nanoparticles and conjugation of the 

Ru-complex to the protein. PNPs were synthesized by an 

aqueous precipitation polymerization method20,21, 

copolymerizing N-isopropylacrylamide (53 mol%), N-tert-

butylacrylamide (40 mol%), acrylic acid (5 mol%) and N,N’-

methylene bisacrylamide (2 mol%) with a total monomer 

concentration of 130 mM. The specific protocol and the 

characterization of the of the PNPs can be found in the ESI. 

The asymmetrical Ru-complex, (bis(2,2'-bipyridine)-4’-methyl-

4-carboxy-pyridine-ruthenium N-succinimidyl ester-

bis(hexafluorophosphate) (Scheme 1) was conjugated to 

lysozyme (MW 14.3 kDa, pI 11.35) through its reactive NHS-

ester group by using standard protocol22. The detailed synthesis 

and the determination of the dye/protein ratio in the labelled 

protein (RuL-Lys) are described in the ESI. 
 

Spectroscopic measurements. UV-Vis absorption 

measurements were done on a JASCO V-550 UV-Vis 
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spectrophotometer (JASCO International Co. Ltd.). 

Luminescence spectra, fluorescence anisotropy spectra and 

fluorescence decay curves were measured by an FS5 

spectrofluorometer (Edinburgh Instruments) equipped with 

two αBBO type polarizers. In the steady state measurements, a 

150 W xenon lamp was used at an excitation wavelength of 457 

nm. The fluorescence emission anisotropy spectra were 

recorded placing a 550 nm long pass filter in the emission 

monochromator to eliminate the Rayleigh-scattered light. The 

anisotropy spectra were measured automatically in the range 

of 620-640 nm and the average anisotropies were taken. The 

temporal decay curves of the luminescence radiation were 

measured with time-correlated single photon counting (TCSPC) 

technique, using an EPL 450 pulsed diode laser (emission 

maximum at 441 nm, pulse width 90 ps) for excitation. All 

fluorescence spectroscopic experiments were carried out in a 

quartz microcuvette thermostated at 30 °C. 

 

Measurement of protein-nanoparticle binding. Binding of the 

labelled protein or the Ru dye to different concentrations of 

PNPs without separation was assessed using steady-state 

anisotropy measurement. 1.6·10-5 M RuL-Lys was incubated 

with 2.5·10-3 up to 4 mg/mL PNP, while 8.9·10-6 M RuL-Su was 

incubated with PNPs (2.5·10-3-1 mg/mL) in 10 mM phosphate 

buffer (pH 7.4) for 5 minutes at 30 °C in dark, and the steady-

state anisotropy of the samples was measured. 

Binding of lysozyme onto PNPs after separation was assessed by 

incubating 3.5·10-7 M lysozyme with various concentrations of 

the PNPs (0.5-5 μg/mL) in phosphate buffer (10 mM, pH 7.4) for 

20 minutes. A Vivaspin 500 (100kDa MWCO) centrifugal filter 

unit (Sartorius Stedim Lab Ltd., Stonehouse, UK) was utilized to 

separate the free and PNP-bound lysozyme by ultrafiltration. 

Centrifugation was carried out at 11,800 rcf for 20 minutes. The 

lysozyme activity of the filtrate was measured using the method 

of Shugar23 (ESI) and its concentration was calculated from 

calibration with similarly filtered lysozyme standard solutions. 

Subtracting the unbound/total lysozyme concentration from 1, 

gave the ratio of the protein bound to the PNPs relative to the 

initial protein concentration (B/B0). 

To measure the adsorption isotherm, 0.1 mg/mL PNP was 

incubated with 0.31-51 µM concentrations of RuL-Lys in 10 mM 

phosphate buffer (pH 7.4) at 30°C and after 5 minutes the 

steady-state anisotropy was measured. From the anisotropy 

values the mole fraction of the nanoparticle bound protein (X) 

and the free protein (1-X) was calculated: 

 

𝑋 =
𝑟−𝑟𝑅𝑢𝐿−𝐿𝑦𝑠

𝑟𝑚𝑎𝑥−𝑟𝑅𝑢𝐿−𝐿𝑦𝑠
         (1) 

 

where r is the measured anisotropy at each concentration level, 

rRuL-Lys is the steady-state anisotropy of the labelled protein and 

rmax is the maximum anisotropy when all the labelled protein is 

bound to the PNPs. From this, the equilibrium concentrations 

can be obtained by equations 2 and 3: 

 

𝑐𝑒 =  𝑐0 ∙ (1 − 𝑋)         (2) 

 

𝑛𝑠  =  𝑐0 ∙  
𝑋

𝑚
          (3) 

 

where ce and c0 are the equilibrium and initial molar 

concentrations of RuL-Lys, respectively, ns is the equilibrium 

solid phase concentration of the bound protein in mol/g and m 

is the concentration of the PNPs (g/L). 

In the competitive binding assay 16 µM RuL-Lys was mixed with 

different concentrations of lysozyme (0-2.92 mM) then 0.1 

mg/mL PNP was added in 10mM phosphate buffer (pH 7.4) and 

the samples were incubated for 5 minutes at 30°C. Afterwards, 

the steady-state anisotropy was measured. 

Results and discussion 

Preparation and characterization of the poly (N-
isopropylacrylamide) based nanogel and the Ru-complex labelled 
protein 

PNPs were synthesized with high monomer conversion (93%) to 

obtain a stable colloidal suspension of 14.2 mg/mL 

concentration. The mean diameter and “molar concentration” 

of the nanogel preparation as determined by nanoparticle 

tracking analysis was 106 ± 2 nm and 1.78·10-7 M (1.07·1014 

particles/mL), respectively. Based on these, the average 

molecular weight of the PNPs was calculated to be ca. 80 MDa. 

Assuming spherical particles, their average volume and surface 

was estimated to be 1.08·106 nm3 and 4.17·104 nm2, 

respectively, taking into account their size distribution, as well. 

To label lysozyme, we have used the asymmetrical Ru-complex, 

(bis(2,2'-bipyridine)-4’-methyl-4-carboxy-pyridine-ruthenium 

N-succinimidyl ester-bis(hexafluorophosphate); RuL-Su) that 

reacts directly with the exposed primary amines of the 

lysozyme. This Ru-complex has several advantages, as it has 

long luminescence lifetime, a large Stokes-shift, high limiting 

anisotropy (the anisotropy in rigid media) and is not very 

sensitive to oxygen quenching.18 

The absorption spectra of the unconjugated ruthenium probe, 

RuL-Su and the probe-lysozyme conjugate, RuL-Lys show a 

strong absorption band at 280 nm and another characteristic 

peak at 457 nm (see Fig. S1†). Detailed interpretation of the 

spectra can be found in the ESI. The degree of labelling, i.e., the 

dye/protein ratio in the labelled protein (RuL-Lys) was 

determined by absorption spectroscopy to be 0.4, assuming 

that the molar absorptivity of the conjugated dye is the same as 

that of the free dye (19,200 M-1cm-1 at 457 nm). 

The emission spectra of RuL-Su, and that of RuL-Lys in the 

absence, and in the presence of PNPs are shown in Fig. 1. The 

emission wavelength maxima are collected in Table 1. 
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Fig. 1: Emission spectra of RuL-Lys (with and without PNPs) and RuL-Su at λex=457 nm, 

recorded in 10mM phosphate buffer, pH 7.4. 

Table 1. Luminescence spectral data of RuL-Su, and the RuL-Lys conjugate, both in the 

absence and in the presence of PNPs. 

 𝜆𝑒𝑚 

(nm) 

τ* 

(ns) 

rst 

(-) 

RuL-Su 644 340 (100) ≈ 0 

RuL-Lys 663 420 (100) 0.0045 

RuL-Lys + PNPs 642 420 (13) 

1100 (87) 

0.12 

RuL-Su + PNPs 644 340 (53) 

898 (47) 

not measurable** 

where λem, τ and rst are the wavelength corresponding to the emission maximum, 

the fluorescence lifetime and the steady-state anisotropy, respectively 

* values in brackets are the relative amplitudes in eq. 4 

**due to the weak interaction 

 

The emission spectrum of RuL-Su involves a single band which 

is assigned to the transition from the 3MLCT triplet state to the 

singlet ground state, S0. The emission maximum of RuL-Su is 

shifted to longer wavelengths (from 644 nm to 663 nm) when 

the dye is conjugated to lysozyme and is shifted back, close to 

the original wavelength, when the conjugate is adsorbed on 

PNPs. The redshift of the emission band of the Ru(bpy)3 

fluorophore has also been observed for its conjugates with 

other proteins.24,25 The blueshift of the emission accompanying 

the adsorption of the RuL-Lys conjugate is probably related to 

the restriction of the structural relaxation of the excited Ru label 

at the surface of PNPs.26 

The free RuL-Su complex and the RuL-Lys conjugate have similar 

luminescence intensities, whereas the adsorption of the 

conjugate on PNPs induces a significant luminescence 

enhancement (Fig. 1). The main nonradiative deexcitation 

channels of Ru bipyridyl complexes, competing with the 

radiative process, are the internal conversion (IC) from the 
3MLCT to a dark 3MC state and the 3MLCT→S0 intersystem 

crossing (ISC)27. The diminished conformational flexibility of the 

probe in the adsorbed protein decreases the probability of IC, 

therefore the quantum yield increases. In addition, the 

luminescence of the free RuL-Su complex and the RuL-Lys 

conjugate is also reduced by quenching due to water28 and 

dissolved O2
29. The PNP restricts the access of oxygen to the 

adsorbed RuL-Lys molecules and photoluminescence increases 

because of the diminished quenching effect. 

To obtain the fluorescence lifetime of the different species, 

luminescence decay curves of RuL-Su and RuL-Lys, both with 

and without PNPs were measured using a 441 nm pulsed laser 

for excitation and setting the detection wavelength to 660 nm. 

The decay curves were fitted by a single exponential function or 

by the sum of two exponentials: 

 

𝐼(𝑡) = ∑ 𝐴𝑖𝑒𝑥𝑝(−𝑡/𝜏𝑖)𝑖=1 𝑜𝑟 1,2        (4) 

 

where Ai is the pre-exponential factor, τi is the lifetime of the i-

th component, and t is time. Fluorescence decay times of the 

different species are summarized in Table 1. The decay of RuL-

Su and the RuL-Lys conjugate was found to be 

monoexponential. The conjugate incubated with PNPs 

produced a biexponential decay, with a major component 

belonging to the adsorbed and a minor component to the non-

adsorbed conjugate. As expected, the lifetime of the PNP-

bound labelled protein increases compared to the free protein-

dye conjugate along with the luminescence intensity. The dye 

with PNPs also showed a biexponential decay indicating some 

adsorption. 

Steady state anisotropy measurements were carried out on the 

different species using 457 nm excitation wavelength and a 550 

nm long-pass filter, to eliminate scattered light from the NPs30. 

Anisotropy emission spectra were taken in the 620-640 nm 

range and an average anisotropy value was calculated. The 

measurement results are collected in Table 1. As expected, the 

≈0 anisotropy of the free Ru-label barely increased upon 

conjugation to the protein, but a high anisotropy of rst=0.12 was 

observed when the protein bound to the PNP. 

 

Detection of protein binding on PNPs 

To investigate the binding kinetics of RuL-Lys onto PNPs, the 

nanoparticles were mixed with the labelled lysozyme solution 

and the steady-state anisotropy was measured after different 

time intervals. The results are plotted in Fig. 2. 
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Fig. 2: Anisotropy change during incubation of RuL-Lys with PNPs. (cRuL-Lys=5·10-5 M; 

cPNP=0.1 mg/mL in 50 mM phosphate buffer, pH = 7.4, 30 °C). 

 

We observed a rapid initial increase in the anisotropy, indicating 

a fast adsorption of RuL-Lys to the PNPs. Saturation is already 

achieved after 3 minutes. Though, in the present set up, with 

collection of full anisotropy emission spectra, only a data 

acquisition rate of ca. 1 data point per minute can be achieved, 

this experiment suggests that it is possible to follow protein-

nanoparticle interactions in real-time (e.g., by filter-based 

instruments). 

To assess the affinity of the labelled lysozyme to the PNPs, we 

have incubated RuL-Lys with increasing concentrations of 

nanoparticles and measured the steady-state anisotropy (Fig. 

3). 

 
Fig. 3: Anisotropy of 1.6·10-5 M RuL-Lys (black open circles) or 8.9·10-6 M RuL-Su (red filled 

circles) incubated with different concentrations of PNPs (10 mM phosphate buffer, pH 

7.4; 30°C) 

 

As shown by Fig. 3, the emission anisotropy of RuL-Lys increases 

drastically with the PNP concentration in the lower PNP 

concentration range, as more and more labelled protein is 

bound by the polymer nanoparticles, the rotation of which is 

very slow. Finally, the anisotropy reaches a maximum value of 

rmax=0.12, where all the labelled protein is bound.  

As a control, a similar experiment was performed to assess the 

binding of the unconjugated dye to different concentrations of 

PNPs, to confirm that the adsorption to the PNPs is due to the 

protein. The results presented in Fig. 3, show that ca. three 

decades larger PNP concentrations are needed to achieve 

similar anisotropy values as in the case of RuL-Lys, and even the 

highest applied PNP concentration is not enough to achieve 

rmax, i. e. to bind all the RuL-Su. This indicates that the Ru 

complex is bound to the PNPs with much lower affinity than the 

protein so that its contribution to the binding of the RuL-Lys 

conjugate is insignificant.  

The adsorption isotherm of the labelled protein on the PNPs 

(Fig. 4). was determined by incubating 0.1 mg/mL PNP with 

increasing concentrations of RuL-Lys. The anisotropy values 

recorded after 5 minutes incubation were plotted as a function 

of the initial RuL-Lys concentration.  

 
Fig. 4: Anisotropy of different concentrations of RuL-Lys incubated with 0.1 mg/mL PNP 

(10 mM phosphate buffer, pH 7.4; 30°C) 

Below 2 µM concentration practically all RuL-Lys is bound to the 

PNPs, therefore the anisotropy is high, equal to rmax. When 

more lysozyme is added, the nanoparticles become saturated 

and the excess, free RuL-Lys decreases the anisotropy. From the 

anisotropy values, we could calculate at each concentration 

level ce and ns, the equilibrium solution and solid phase 

concentrations of the protein, respectively (eq. 1, 2 and 3). 

Hence the adsorption isotherm could be plotted as shown in Fig. 

5. 
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Fig. 5: Adsorption isotherm of RuL-Lys on PNPs. (0.1 mg/mL PNP was incubated with 

different concentrations of RuL-Lys in 10 mM phosphate buffer, pH 7.4 at 30°C) 

 

Del Pino et al. have adapted the simple Hill model31, originally 

used to depict the oxygenation of haemoglobin32, to describe 

protein binding onto nanoparticles by reinterpreting the 

involved parameters. 

The reinterpreted Hill-equation describing the interaction 

between proteins and NPs is: 
𝑁

𝑁𝑚𝑎𝑥
=

(𝑐𝑒)𝑛

(𝐾𝐷
′ )𝑛+(𝑐𝑒)𝑛         (5) 

 

and can be rewritten as 

 

𝑛𝑠 = 𝑛𝑚𝑎𝑥
(𝑐𝑒)𝑛

(𝐾𝐷
′ )𝑛+(𝑐𝑒)𝑛         (6) 

 

where N - number of the adsorbed protein on the PNP surface, 

Nmax – number of proteins on the nanoparticle surface at 

saturation, ns - solid phase equilibrium concentration of bound 

protein, nmax - solid phase saturation concentration, ce - 

equilibrium concentration of unbound protein in solution, 𝐾𝐷
′  - 

the equilibrium protein concentration producing half-

saturation of the PNP surface and n - the Hill coefficient, an 

empirical parameter that reflects the cooperativity of binding. 

We have fitted the above model on the isotherm points (R2 of 

0.9972) that enabled the calculation of 𝐾𝐷
′ , 5.47·10-4 M, which 

reflects the affinity of the PNP towards lysozyme. The maximum 

binding capacity of the PNPs (nmax) was 1.61·10-3 mol/g. From 

this, and the weight and “molar” concentration of the 

nanoparticles (0.1 mg/mL and 1.25 pmol/mL, respectively), we 

could estimate the maximum number of proteins that can bind 

to a PNP. This way, Nmax ≈ 130,000 was obtained. From the 

surface area of the PNP (4.17·104 nm2) and the smallest 

footprint of lysozyme (4.9 nm2)33, we estimated the maximum 

number of lysozyme on a PNP surface, assuming a closely 

packed monolayer coverage. This value is ≈8,500, therefore we 

might hypothesize that lysozyme is bound in many layers over 

the PNP, forming a protein corona. On the other hand, we can 

also speculate that lysozyme is not solely confined to the 

surface, but sequestered in the interior of the lightly crosslinked 

polymer network. An indirect support of the latter presumption 

is that such PNPs were found to protect lysozyme from thermal 

stress, which seems feasible if the PNP encapsulates the 

enzyme34. 

The value of the Hill coefficient, n, was 0.44, smaller than 1, 

indicating anti-cooperative binding, where protein adsorption 

suppresses further protein adsorption. This is a realistic 

scenario, since lysozyme, with a pI value of 11.35, is a highly 

positively charged protein at pH 7.4, therefore repulsive forces 

are hindering the incorporation of a next protein close to an 

already absorbed one. 

To demonstrate the validity of the isotherm data obtained by 

anisotropy measurement, we have assessed the affinity of 

lysozyme to the PNPs with an independent, separation-based 

method. Unlabelled lysozyme was incubated with increasing 

concentrations of PNPs and, after equilibration, the free protein 

in the supernatant was separated from the NP bound protein 

by ultrafiltration. The free lysozyme was quantitated by 

measuring its enzymatic activity. The ratio of the bound (B) 

relative to the total protein concentration (B0) was calculated 

and plotted as a function of the PNP concentration in Fig. 6. 

Using the isotherm parameters obtained from the adapted Hill 

fitting of the anisotropy data, we have also simulated this 

binding curve as shown in Fig. 6. 

 
Fig. 6: Simulated and experimental binding curve of lysozyme to PNPs. (3.5·10-7 M 

lysozyme was incubated with different concentrations of PNPs in 10 mM phosphate 

buffer, pH 7.4) 

 

We found a close agreement between the measured and 

calculated values. This indicates that the anisotropy 

measurement gives very similar results on the binding of 

lysozyme to the PNPs to those obtained by an independent 

method, which is based on the separation of the free and bound 

protein. 

 

Competitive ligand binding assay 

Finally, we demonstrated the applicability of the long-lifetime 

fluorophore-labelled protein in a competitive binding assay to 
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quantitate lysozyme concentration using the PNPs. In the 

competitive experiment, a mixture of a fixed amount of labelled 

lysozyme and increasing amount of unlabelled lysozyme 

competed for the binding sites of a fixed amount of PNP. Based 

on the affinity measurements, the amount of the labelled 

protein was chosen so that ≈80% of it was bound to PNPs 

initially. The steady-state emission anisotropies were measured 

after incubation. Values are plotted as a function of the 

unlabelled lysozyme concentration (Fig. 7a). 

 

 
Fig. 7: a) Emission anisotropy in the competitive binding assay. (cRuL-Lys=1.6·10-5 M; 

cPNP=0.1 mg/mL at 30°C); b) Calibration curve for lysozyme fitted by a four-parameter 

logistic curve in the competitive binding assay. 

 

As expected from competitive fluorescence polarization 

immunoassays, increasing the amount of the competing 

unlabelled analyte, less and less RuL-Lys can bind to the PNPs, 

therefore the fluorescence anisotropy decreases. At high 

concentration of unlabelled lysozyme, the anisotropy 

approached that of the free RuL-Lys. To obtain the calibration 

curve, the anisotropy values at different lysozyme 

concentrations (B) were normalized to the one obtained at zero 

concentration of the analyte (Bmax), i. e. maximum binding of the 

labelled protein, and plotted against the analyte concentration 

in a logarithmic scale (Fig. 7b). The well-known sigmoid 

calibration curve was obtained, indicating that lysozyme was 

successfully competing for the PNP binding sites with the 

labelled lysozyme. A four-parameter logistic curve was fitted 

onto the data points. The IC50 value, i.e., the analyte 

concentration, that produces 50% inhibition of the binding of 

RuL-Lys, was evaluated from the curve as being 3.3·10-4 M. 

Conclusions 

Here, we introduce a fluorescence anisotropy measurement for 

the assessment of protein binding to nanoparticles. The 

approach is based on the use of a long-lifetime fluorophore to 

label the protein molecule. A consequence of the long 

fluorescence decay time of the label is that it’s close to zero 

anisotropy does not increase substantially upon conjugation to 

the biomacromolecule. Only when the labelled protein binds to 

the nanoparticle that causes a very large size increase, increases 

the anisotropy value significantly, i.e., the dynamic range of the 

fluorescence anisotropy is shifted to much higher molecular 

weights of ≈10 MDa. 

We demonstrated the new concept by studying the interaction 

of lysozyme, labelled with an asymmetrical Ru-complex and a 

multifunctional poly(NIPAm) nanoparticle, that can bind the 

lysozyme protein selectively. After determining the 

fundamental fluorescence spectral properties of the involved 

compounds, fluorescence anisotropy measurements were 

performed to study the binding kinetics and affinity of the 

labelled protein to the PNPs. The binding isotherm was also 

determined and an adapted Hill model fitted on the 

experimental data revealed the maximum number of binding 

sites for the protein on the PNP, the equilibrium dissociation 

constant and the cooperativity of the protein-PNP binding. 

The results of the anisotropy measurements were validated 

with an independent separation-based method. The 

experimental equilibrium binding curve showed good 

correlation with the curve that was simulated using the 

isotherm parameters stemming from the anisotropy 

measurement. This demonstrates that the anisotropy 

measurement gives valid quantitative information on the 

protein-NP binding. Finally, a competitive binding assay format 

was set-up, and a calibration curve was established, which 

demonstrates the applicability of the fluorescence anisotropy 

measurement in quantitative protein assays using synthetic 

PNP affinity ligands. 

The advantages of the proposed fluorescence polarization 

method are that it is sensitive, requires simple instrumentation, 

low sample amounts and most importantly, does not require 

the separation of the nanoparticle-bound and free-protein, nor 

immobilization of any of the interacting parts (protein or 

nanoparticle). This makes the technique very fast, enabling 

high-throughput screening of protein-nanoparticle interactions, 

even if the interaction is not very strong. A further notable 

benefit is that protein-NP binding kinetics can be measured 

real-time. 
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