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Abstract

Reliably measuring the physicochemical properties of protein thin layers deposited on surfaces is critical to understanding the surface chemistry, biocompatibility, and performance of implanted biomaterials.  Here we apply a series of multi-fluorophore labeled Bovine Serum Albumin (BSA) proteins as model probes to investigate surface induced conformational changes of BSA by the use of a confocal Fluorescence Lifetime Imaging Microscopy and Förster Resonance Energy Transfer (FLIM-FRET) method.  In this FLIM-FRET approach we study six different constructs where the BSA is covalently linked to one (BSA-F1) or five (BSA-F5) fluorescein molecules, one (BSA-T1) or seven (BSA-T7) rhodamine molecules, and hetero labeled with both (BSA-F4-T2 and BSA-F6-T1). The fluorescence intensity and decays were simultaneously measured at two different emission regions (green and red channels) of the labeled BSA deposited on substrates of different hydrophilicity and hydrophobicity.  To generate reliable data, several different regions (104 µm2 in each case) of the surfaces were scanned for each measurement.  The amplitude-weighted lifetimes, obtained from the fluorescence decay parameters, are discussed based on the average distance between the conjugated fluorophores acting as donor and acceptor pair in the Energy Transfer framework.  The number of probes conjugated has significant effects on the fluorescence emission intensity and lifetimes in solution and on surfaces.  The BSA-F4-T2 constructs showed a significant ability to differentiate using lifetime the hydrophilicity and hydrophobicity of the surfaces, by detecting local expansion and contraction of protein structure in the deposited layers.  Using these multiple labeled BSA probes in conjunction with the FLIM-FRET can provide a reliable way to assess structural changes in proteins induced by variations in the surface chemistry of biomaterials.  
Keywords: Protein adsorption, Biomaterials, Fluorescence Lifetime Imaging, FRET, Confocal Microscopy, Frequency domain, bovine serum albumin.
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Introduction

Medical devices implanted in the human body are exposed to biological fluids which contain a wide variety of proteins that promptly deposit on their surfaces [1].  It is during the course of this process that the body may initiate a series of cascade reactions resulting in an inflammatory response [2].  Currently accepted thinking, suggests that the surface chemistry of the implant device can induce some structural changes in the adsorbed protein molecules, which can indirectly induce adverse reactions in the body [3].  In some cases after surgical implantation of a medical device (particularly cardiac stents) one must administer thrombolytic drugs [4] to avoid such adverse reactions.  Another less invasive approach is to use drug-eluting coatings containing thrombolytic or antithrombotic drugs on the implant devices that minimize or prevent the inflammatory response [5,6]. 
The adsorbed protein layer which comes into contact with the biological environment is crucial to medical device biocompatibility.  Understanding how surface materials interact with the adsorbed proteins can then first enable control of protein selectivity or adsorption rate, and second provide information on how to regulate the protein structural changes in the deposited layer [7]. Thus understanding in detail this complex protein-surface interaction will help in the design of smart and efficacious biomaterials.  However, observing the structural changes in proteins during the adsorption process is a fundamentally difficult task, and many of the elementary processes involved in the protein-surface interaction still remain unknown, or are not capable of being observed in dynamic environments [8-10].  There are a wide variety of experimental approaches that can be applied to study protein-surface interactions, such as: depletion, radiotracer, quartz crystal microbalance, ellipsometry, total internal reflection fluorescence, neutron reflection, surface Plasmon resonance, atomic force microscopy, and time resolved evanescent wave-induced fluorescence anisotropy spectroscopy [11-16].  To gain a comprehensive understanding of the 
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complex protein-surface interaction, one needs to observe these interactions under dynamic conditions and thus one requires a suite of techniques, to study the different facets of the process [17].
Recently we demonstrated the use of Confocal Fluorescence Microscopy (CFM) in the quantification of protein deposited on hydrophilic glass [18].  Despite a rather complicated experimental procedure, and various limitations of the fluorescent label used, this proof of concept study demonstrated that the CFM method provides information on a variety of adsorption parameters.  Any significant improvements in the basic CFM methodology, which is based on fluorescence intensity measurements, would require the use of a fluorophore whose emission properties are not affected by either the presence of amino acid quenchers or changes in protein structure (a rather unlikely scenario) [19]. Unfortunately, analytical methods based on fluorescence intensity measurements are fraught with inherent difficulties with regard to accurate intensity measurements (source and detector instabilities for example).  A rational alternative is to utilize fluorescence lifetime based methods which offer an inherently more robust measurement method [20].
The fluorescence lifetime is the reciprocal of the sum of all transition rates from the excited fluorophore to the ground state.  Fluorescence lifetime measurements are often used in preference to intensity based measurements because they can eliminate or minimize problems such as auto-fluorescence, source and detector instabilities or spectral shift.  Lifetime measurements are also sensitive to the physicochemical parameters of the medium surrounding the fluorophore (pH, ion concentration, polarity, and so forth) and this can be used to extract useful information from complex environments [21].  For studying complex environments at sub-micron spatial resolution, confocal fluorescence lifetime imaging microscopy (FLIM) is rapidly becoming a widely applicable technique, more compact and user friendly [22-25].  The FLIM technique is normally used in the life 

4



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

sciences to create and/or improve image contrast, based on the fluorescence lifetime differences. Here, however, we applied FLIM specifically to obtain the fluorescence lifetime from samples (protein layers) in 2D.  We were not interested in obtaining high spatial resolution images because of two factors:  one, we need to avoid or reduce photobleaching effects, and two, even the best axial and/or lateral optical resolution does not allow one to observe only the deposited protein layer. We have demonstrated previously how FLIM can be used to study changes of protein conformation in adsorbed layers on different surfaces, where the measurement methodology involved the direct lifetime measurement of 1-anilino-8-naphthalene sulfonate (ANS) labeled Bovine Serum Albumin (BSA) [26].  This direct measurement was based on correlating changes in ANS lifetime due to the variations in ANS accessibility to the aqueous environment, with protein structural changes on adsorption [27].  
In FRET where there is a good overlap between the absorption spectrum of the acceptor and the emission spectrum of the donor, with a relatively high fluorescence quantum yield, and the donor and acceptor dipoles are in an acceptable orientation, then the distance between the donor-acceptor pair can be calculated from the emission data (lifetime or intensity) of the donor.  This allows for the observation of structural changes on the Angstrom scale.  The use of lifetime (FLIM-FRET) instead of conventional intensity based FRET has numerous experimental advantages and the method has been used to analyze protein-protein interactions and structural changes [21,28,29]. Here we present our preliminary results in the development of a FLIM-FRET based protocol used to observe the interaction of proteins with hydrophilic and hydrophobic surfaces.  The approach also involves the use of the well studied and readily available BSA, labeled with fluorescein (F) and Tetramethylrhodamine (TMR) fluorophores (a common FRET pair) as a model protein (BSA-F-T) for studying protein-surface interactions.  The effect of different probe-protein molar ratios was also analyzed.  Although, the presence of more than one conjugated probe could disturb the native structure of the protein, we are interested in the relative structural changes between the free 
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solution and the adsorbed protein on a surface.  This small alteration of the native structure can be ignored.  When the labeled BSA adsorbs onto the different surfaces, the comparative measurements of the fluorescence lifetimes in the bulk and in the adsorbed layer provides information on FRET efficiency from which one can estimate the degree of structural change that the conjugated protein underwent from the bulk solution to the adsorbed layer medium.  
Experimental Methods

Materials:  Fluorescein and Tetramethylrhodamine isothiocyanate labeled Bovine Serum Albumin proteins (BSA-F5 and BSA-T7 with molar ratios of 5 and 7, respectively, data provided by the suppliers) and 8-Hydroxypyrene-1,3,6-Trisulfonic Acid (HPTS) were obtained from Invitrogen. Bovine serum albumin (BSA) of purity 99%+ (catalogue no. A7638), Tetramethylrhodamine isothiocyanate labeled Bovine Serum Albumin protein (BSA-T1), eosin, fluorescein isothiocyanate (FITC), Tetramethylrhodamine isothiocyanate (TMR), Rhodamine B (RhB), phosphate buffered saline tablets for 0.01 M phosphate buffer with 0.0027 M potassium chloride, and 0.137 M sodium chloride for pH 7.4 (PBS), Secure-Seal™ imaging spacers (0.12 mm thick with diameters of 20 mm and 9 mm) and CoverWell imaging chambers (1.0 mm thick with diameters of 20 mm and 9 mm), Sephadex G25, Whatman 25 mm GD/X 0.2µm pore size, Ludox, RBS 35 detergent, were all obtained from Sigma-Aldrich.  Common chemicals like dimethyl-dichlorosilane, trichloroethylene, methanol (spectroscopic grade), hydrogen peroxide (30%), Nitric acid (69%), sodium hydrogen carbonate, dimethyl sulfoxide (DMSO) and Sulphuric acid (98%) were obtained from either Sigma-Aldrich, Fisher Scientific, or AnalaR (sodium carbonate).  All reagents were used without further purification; and solutions were made up with 18 MΩ resistivity deionised water (DIW) from a Milli-Q Millipore system.
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Sample preparation: Glass substrates (microscopy cover glass N#1.5 and slide glass, from Menzel-Gläser or VWR international) with a hydrophilic surface were prepared as follows:  a) substrates were first sonicated for 30 minutes in a solution of alkaline detergent, RBS 35, b) then soaked for 3 hours in piranha solution (3:7) v/v H2O2:H2SO4, c) sonicated for 1 hour in deionized water (DIW), d) rinsed with plenty of DIW and then stored in fresh DIW.  The hydrophilic surfaces were converted to hydrophobic surface substrates with the following additional steps: e) dried overnight in air at 80°C, f) then soaked in a solution of dimethyldichlorosilane (2%) / trichloroethylene, g) rinsed with trichloroethylene, methanol, and DIW, and h) stored in methanol solution at room temperature.  The hydrophobicity and hydrophilicity were qualitatively assessed using water contact angles measured using the Bartell and Zuidema method and a digital camera [30].  The contact angles were approximately 16 ± 1 (n=4) and 93 ± 1 (n=6) degrees for the hydrophilic and hydrophobic surfaces, respectively.  For protein labeling, a standard protocol was used a reference [31]:  2-3 mg of protein (unlabelled or previously labeled) was dissolved in 1 ml of 0.1 M sodium carbonate solution.  To prepare the singly labeled BSA-F1, and BSA-T2 constructs, protein: dye molar ratios of approximately 1:2 (BSA:FITC), 1:6 (BSA:TMR) were used.  A small aliquot of 1.0 mM or 10 mM stock solution of FITC (or TMR) in DMSO was added to the unlabelled protein solution.  To prepare the doubly labeled BSA-F6-T1, and BSA-F4-T2 constructs, a protein-fluorophore molar ratio of approximately 1:10 (BSA-T1:FITC and BSA-T2:FITC) was used.  In the case of BSA-F6-T1 preparation, 3.2 mg of BSA-T1 was dissolved in 1 ml of 1 M sodium hydrogen carbonate solution (pH 8.0) and then a small aliquot of stock of FITC was added.  To prepare BSA-F4-T2 construct, 0.5 ml of the previously BSA-T2 solution, and 0.5 ml of 0.2 M sodium carbonate solution (pH 10.4) were mixed with the corresponding amount of FITC in DMSO.  All the reactions were left for at least 3 hours stirring in the dark at room temperature.  Then a Sephadex filter was used to separate the labeled protein from the reaction mixture.  The labeling degree or fluorophore per protein ratio (r) is calculated by [32]:
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0.3 is a correction factor to compensate for fluorophore absorption at 280 nm.  A280 and A494 are the absorbance values at 280 nm and 494 nm.  While ε280 and ε494 the molar absorption coefficients for protein and FITC at 280 nm and 494 nm, are 43,600 M-1cm-1 and 68,000 M-1cm-1 respectively [32,33]. In the case of TMR, A494 and ε494 are substituted, respectively, with the absorbance of the dye (A555) and molar absorption coefficient (ε555 = 65,000 M-1cm-1 [34]) at 555 nm in equation 1.  In the BSA-F1 single label construct, the molar ratio between protein and fluorophore (BSA:FITC) ratio was around 1.18, while for labeling with TMR (BSA-T2), the ratio was approximately 1.8.  For calculating the concentration of the doubly labeled protein, we assume that concentration can be determined from the optical absorption of the TMR centre (A555).  Using this data, the FITC:TMR ratio of FITC on BSA-T1 and BSA-T2 can be calculated by: 
555

555

494

555494 19.0
A

AAr ε×
ε

×−= (2)
0.19 is a correction factor to compensate for TMR absorption at 494 nm, A and ε are the absorbance and molar absorption coefficients values for the fluorescein (494) and rhodamine (555) centers.  In the doubly labeled constructs, the FITC:TMR ratio was 2.2 and 6.1.  This means that approximately 4 and 6 fluorescein molecules were covalently attached to the purchased BSA-T2 and BSA-T1, generating the BSA-F4-T2 and BSA-F6-T1 constructs respectively. 
To study the protein-surface interaction, two sample protocols were followed.  Both involved incubating the surface with the labeled protein solution, but in one case the labeled solution was removed after the incubation period and replaced with buffer prior to measurement (PS–).  In the other case, the lifetime measurements were made with the original labeled protein solution in place above the surface (PS+).  The sample chambers used for the measurements were made by 
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sticking an imaging spacer  to the surface of the hydrophilic or hydrophobic surface material (made from glass microscope slide or cover slip) and then sealing after addition of the solution with the hydrophilic or hydrophobic glass microscope cover slip (Figure S1, supplementary data).  The PS+ samples were prepared by filling the chambers with the various labeled proteins in PBS buffered solution, with concentrations below 3 µM.  The chambers were then sealed and the system was equilibrated for at least 4 hours at room temperature before making any measurements.  A near identical protocol is used for the preparation of the PS– samples, except that the chamber is kept open during the incubation period.  To avoid, evaporation of the protein solution, the imaging spacer chamber was left in a water saturated atmosphere (for more details see supplemental information, Figure S2).  After, the required incubation period, the bulk labeled protein solution was removed with a pipette, the sample well rinsed at least 3 times with PBS buffer, then a fresh aliquot of PBS buffer solution was placed in the chamber before finally closing the chamber with a microscope cover or glass slide.  For the PS– samples, measurements were made where the fluorescence signal is observed at the substrate interface; no significant fluorescence detection was observed in the bulk region above the interface during the experiments.  
Instrumentation: UV-visible absorption spectra were recorded using Shimadzu UV-1601 or Lambda 950 Perkin Elmer spectrophotometers.  Steady state fluorescence measurements in 2 mm pathlength cuvette cells at room temperature were made with Perkin Elmer LB50B or Cary Eclipse spectrofluorimeters.  FLIM measurements were made using an Alba system (ISS, Champaign, Illinois) based on an upright Olympus BX51 microscope (Figure 1).  The lifetime measurements are made using the phase modulation method with frequencies in the 1-300 MHz range.  The excitation source was a modulated 405 nm laser diode with ~10 µW of power at the rear of the objective.  An Olympus water immersion 60× (NA 1.2) objective lens was used with fluorescence emission being selected using a filter cube with an excitation 385-425 nm bandpass filter, 405 nm dichroic mirror, and 410 nm long pass emission filter.  The fluorescence emission is then passed through a second 
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filter cube with a 570 nm dichroic mirror and 510-560 nm (green) and 575-650 nm (red) emission filters.  This second filter cube provides for simultaneous two channel measurements.  In each channel, the emission was then directed through a pinhole (141 or 1000 µm diameter) and then onto the photomultiplier tube detector (Figure 1).  Samples were mounted on an XYZ piezo-controlled stage that allowed for both XY and XZ sections to be collected.  For lifetime measurements, data was recorded using a minimum of 20 different frequencies, with the system being calibrated by measuring the absolute modulation ratio and phase of known, mono-exponential decaying, reference standards, HPTS (5.4 ns), RhB (1.74 ns), and eosin Y (1.07 ns).  A detailed description of constructing FLIM images and energy transfer equations were described before [26,35] and can be also found in the supplementary data.  All the imaging analysis and fitting were done using the VISTA software provided with the Alba instrument.
The fluorescence decay data were fitted by a sum of exponentials (Σaie-t/τi), to obtain the lifetime τi, average lifetimes, and pre-exponential values, ai.  The average fluorescence lifetime is calculated from the best-fit parameters using the equations:

∑= iiav f ττ (3)
∑ ττ= iiiii aaf (4)

where fi is the contribution factor of exponential term ith, in all cases a bi-exponential fit was used. For FRET studies, the more appropriate lifetime expression is the amplitude-weighted fluorescence lifetime <τ> because it is proportional to the steady state fluorescence intensity.  <τ> is calculated by:
∑ τ×=τ iia (5)
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FRET efficiencies and D-A distances were calculated using well established equations (see equations (S5-7 supplemental information).  We note that these equations apply to distinct D-A distance.  In our studies, where more than one pair are present in the hetero labeled protein, the distance obtained by the overall fluorescence decay measured with FLIM approach are treated as an overall average D-A distance.
Results and Discussion

FRET in doubly labeled BSA

The choice of donor-acceptor (D-A) pair is critical for the application of FLIM-FRET studies and ideally, a Förster radius (R0) that is approximately the same size as the protein being investigated is required.  The native BSA structure in solution is usually regarded as having a prolate ellipsoid shape with approximate dimensions of 140 Å and 40 Å [36].  Therefore the Fluorescein-Tetramethylrhodamine donor-acceptor pair was selected as it had reported R0 values in the 49-54 Å range [21].  When conjugated to BSA there is considerable spectral overlap as shown by the fluorescein emission spectrum of the BSA-F1 and the TMR absorption spectrum of the BSA-
T1 (supplemental information).  Using the fluorescence quantum yield of donor 0

Dφ = 0.71 [37], an approximate R0 value of 51 Å was estimated under our experimental settings.
Comparing the absorption spectra of BSA-F4-T2 with that of a mix of approximately the same molar ratio of BSA-F1 and BSA-T1 shows some shift in the peak maxima of the absorption bands and some broadening in the double labeled protein (BSA-F4-T2) spectrum (Figure 2a).  This may indicate that the photophysical processes induced by the presence of two different fluorophores in the same protein molecule cause observable spectral changes [38,39].  The brightness of the doubly labeled construct could be improved by increasing fluorophore 
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conjugation ratios.  One advantage in increasing the number of dyes is to improve the sensitivity of tracking the structural changes of the labeled protein.  However, due to the fact that the labeling reaction is not regioselective, the exact location of the probes on the protein structure is not certain.  For example, the albumin structure contains 59 lysine aminoacids that can be conjugated with the isothiocyanate reactive groups of the fluorophores [36].  Another disadvantage of high fluorophore numbers is the increased possibility of self-quenching or energy migration between the donors which decreases the fluorescence quantum yield.  Energy migration has been observed for fluorescein labeled human serum albumin [40] and, recently, in BSA labeled with more than three fluorescein molecules; a separation distance between fluorescein donor and acceptor, of approximately 53 Å was determined [38]. 
The steady-state optical properties of the doubly labeled BSA-F4-T2 construct used for the protein-surface measurements are summarized in Figure 2.  The fluorescence spectra is composed of the emission bands of fluorescein (F) and tetramethylrhodamine (TMR), with the TMR centre being excited additionally via Energy Transfer from the F donor.  For the unbound fluorophores, the fluorescence quantum yield of TMR is around one third of that for the fluorescein used to attach to amine or sulfhydryl aminoacid residues [37].  In addition, for BSA-F1 and BSA-T1, the molar absorptivity coefficients at the excitation wavelength for fluorescein and TMR are approximately the same (~3,000 M–1cm–1).  If we assume no interaction between the two fluorophores (the control case), and also that the fluorescence quantum yields of the unbound fluorophores can be used in BSA-F1 and BSA-T1, respectively, then we can simulate the fluorescence emission spectrum by taking the emission spectra of the individually labeled species (BSA-F1 and BSA-T1) and combining them mathematically as represented by the thin line in Figure 2b.  This is in very good agreement with the experimentally measured spectra collected from a mixture (2:1 molar ratio) of the two singly labeled proteins represented by the dotted line in Figure 2b.  Comparing these control 
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spectra to the emission of the BSA-F4-T2 construct, shows a clear increase in the intensity of the 576 nm band which is caused by TMR centre fluorescence via energy transfer from the F donor.  
Energy transfer is also observed for BSA-F6-T1 with large changes in the red/green emission intensity ratio compared to the mathematically simulated spectrum.  The BSA-F5 construct is the closest (in structure and photophysical behavior) fluorescein labeled protein without TMR which can be used to verify that FRET process is observed in BSA-F6-T1.  Since the photophysical properties of the fluorescein labeled BSA is almost unchanged for proteins conjugated with more than three fluorescein molecules [38] we would expect only small differences in emission properties between BSA-F5 and BSA-F6.  We observe that the fluorescence lifetimes of fluorescein molecules in BSA-F6-T1 are shorter than in BSA-F5 (Table 1-2).  Excitation spectra of the BSA-F6-T1 construct were obtained by monitoring emission at 670 nm (where TMR is the major contributor to the total fluorescence in BSA-T1), and the spectra shows excitation bands at 557 nm (expected TMR band) and an enhanced 499 nm (fluorescein band).  Comparing this data to the excitation spectra of BSA-F5 and BSA-T1 under the same experimental conditions also indicates FRET (for more details see Figure S4).

The fluorescence lifetime model 

The fluorescence lifetime of fluorescently labeled proteins is quite complex because the fluorophore(s) can experience a variety of microenvironments.  Usually, a multi-exponential model has to be used to completely explain the fluorescence decay process of protein bound fluorophores [27].  For example, we found that for BSA-F1 the fluorescence intensity decay was satisfactorily modeled by a bi-exponential fit which is in agreement with previously reported studies for BSA and other proteins [38].  A detailed assignment of the lifetime values and fractional intensities or amplitudes is not included because of the difficulty associated with assignment of a physical 
13



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

meaning to each individual exponential term in a multi-exponential model and can lead to misleading interpretations [27].  An alternative approach which could also be used is the recently developed model free analysis of the FLIM data that is based on the polar plot representation of frequency-domain data [41-43].  Here for simplicity we have used, the average fluorescence lifetimes (τav, equation 3) calculated from a bi-exponential model (using multi-frequency measurements) was used for the general discussion, except when we discuss the FRET analysis.  For FRET where the fluorophores have complex fluorescence decays, the τav values should not be used for calculating energy transfer efficiencies (and therefore D-A distance) because τav is not proportional to the steady state intensity [21].  Thus the most appropriate average lifetime to use for FRET is the amplitude weighted fluorescence lifetimes (<τ>, equation 5).  Table 1 and Table 2 give the detailed lifetime data for <τ> and τav values for all the constructs studied.
The lifetime variations can be understood as arising from structural changes of the BSA host protein [26,27].  Therefore, changes in τav or <τ> values can be related to surface induced changes in the BSA structure as compared to the native BSA structure in bulk solution.  The adsorption of the singly labeled proteins (BSA-F1, BSA-F5, BSA-T1, and BSA-T7) onto hydrophilic and hydrophobic surfaces was first studied using confocal FLIM sections to generate control data. To develop the initial experimental conditions, we used the BSA-F5 and BSA-T7 constructs because of their high brightness and better resistance to fading.  

Single frequency FLIM

Using BSA-F5 in pH 7.4 buffered solutions which are left in contact with two different surfaces, the single frequency (100 MHz), XZ section (right angle section across the surface) fluorescence intensity and FLIM images (16×512 pixels) in Figure 3 show significant differences in 
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fluorescence.  For the hydrophobic surface we observe a strong fluorescence signal on the surface due to the deposition of the protein, Figure 3a, with a mean fluorescence lifetime of 1.7 (± 1.9) ns, Figure 3c.  The mean fluorescence lifetime here is the value obtained resulting from the average of fluorescence lifetimes obtained for each pixel in the image and so, no fitting is employed (see equations S1 and S2).  The hydrophilic surface in contrast, shows a uniform intensity, Figure 3b, from bulk to surface and the mean fluorescence lifetime for the BSA-F5 is the same on the surface as it is in the bulk, 3.4 (± 2.5) ns as observed for the XZ scanned section, Figure 3d.  The absence of the strong fluorescence signal on the hydrophilic surface may indicate that less protein is adsorbed on this surface compared to the hydrophobic surface (Figure 3a).  Although, the single frequency XZ FLIM imaging generates a rapid image with a relatively good contrast for qualitative assessment of the lifetime differences between the surface and bulk solution, the lifetime data is not accurate enough for FRET analysis and multi-frequency data is required [26].  
Multi frequency FLIM

Using a multi-frequency FLIM images, more accurate lifetimes for the BSA-F5 fluorescence in the green channel are obtained and these show differences between the bulk solution, hydrophilic and hydrophobic surfaces (Figure 4).  Fitting the averaged FLIM phase-modulation data to a bi-exponential model, we find that τav (for the PS+ case) is largest for the BSA-F5 in solution, 3.0 (± 0.1) ns.  On the glass surfaces, τav is lowest for BSA-F5 adsorbed on the hydrophobic surface, 2.1 (± 0.2) ns, which is smaller than that observed for BSA-F5 adsorbed on a hydrophilic surface, 2.7 (± 0.2) ns.  The decay parameters obtained from the multi-frequency FLIM data (at green and red channels) for all the different protein constructs are listed in Tables 1 and 2.  
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PS+ versus PS–

Removal of the bulk labeled BSA solution from above the surface (the PS– case), results in a general decrease in the decay times of the deposited protein films (supplementary data).  This shows that the presence of the bulk solution contaminates the signal from the adsorbed layer Perhaps, because the conventional confocal microscope only provides a z-axis resolution of ~2 µm (under our experimental conditions) at best, it is not sufficient to avoid collecting out-of-focus emission in the PS+ cases.  Increasing the confocal resolution requires the use of smaller pinhole apertures, but this also reduces the fluorescence signal very significantly, making FLIM measurements less accurate.  In some cases (PS– for hydrophilic surfaces) the fluorescence signal was too weak for FLIM measurements under normal confocal conditions and so the system had to be operated in almost non-confocal mode to increase light throughput.  For real-world applications where we do not want to disturb the biological system in contact with the surface, we would like to operate in the PS+ mode.  Furthermore this mode would enable real-time measurements thus enabling the observation of the primary adsorption processes.  However, when we compare the two protocols, the PS– protocol shows larger fluorescence lifetime differences between the surfaces, because the bulk solution contamination is removed.  Thus, for conventional confocal microscopy removing bulk solution after the incubation is more appropriate for our experiments. 
Adsorption of singly labeled BSA

The average fluorescence lifetimes obtained from green and red channels, respectively, of BSA-F1 and BSA-T1, are highest in the bulk solution, and lowest on surfaces (Figure 5).  Since there is one probe per protein, the decrease of average fluorescence lifetime in BSA-F1 and BSA-T1 on surface adsorption must be caused by other factors such as refractive index (RI) and fluorescence quenching [44,45].  The RI effect on the lifetime of the labeled proteins was studied by measuring 
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lifetimes in water-glycerol mixtures (1.33-1.46)[45].  Changes in RI in the fluorescent probe environment can be expected when the protein is deposited on solid surfaces [46].  For BSA-F1, the RI effect accounts for a reduction of τav of around 11% that is, only one third of the reduction of τav observed when BSA-F1 is deposited on hydrophobic surfaces (supplementary data).  For the BSA-T1 construct, the opposite effect was observed and the τav in water-glycerol mixtures increased by up to 21%.  The difference in lifetime trends between the two constructs may be explained by differences in the radiative and non-radiative rate constant ratios for the two fluorophores.  For fluorescein, the radiative rate constant is approximately one order of magnitude greater than the non-radiative rate constant [47], whereas for rhodamine, rate constants are of the same order of magnitude [48,49].  In the water-glycerol mixtures, we have also to consider viscosity effects, which are important in compounds where the non-radiative rate constant is of same order or larger than the radiative rate constant.  Therefore, for BSA-T1, the viscosity induced increase in τav will outweigh the decrease in τav generated by the RI effect on the radiative rate constant.  For BSA-F1, the opposite is true and the RI effect outweighs the viscosity effect leading to a decrease in τav. These results show that the RI effect does not fully account for the surface adsorption induced changes in τav.  Another factor to consider is that fluorescence quenching of xanthene based fluorophores, such as fluorescein and rhodamine, by the amino acids tryptophan (Trp) and tyrosine (Tyr) can also cause decreases in lifetime [50].  The efficiency of the process is based on the distance between Trp/Tyr and fluorescein [19] and this is very sensitive to structural conformation. BSA has 20 Tyr, and two Trp residues [36], and thus one expects that the fluorescence emission properties of fluorescein, tetramethylrhodamine, or both, will be affected.  
Adsorption of homo labeled BSA
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For BSA-F5 and BSA-T7, τav and <τ> are lower compared to BSA-F1 and BSA-T1 (Figure 5) which may be due to self-quenching or energy migration [38,40].  However, another possibility is that the extra conjugated fluorophores can be located on sites in close proximity to aminoacids (Tyr or Trp), which could quench the fluorescence.  In this case, the contribution of those extra fluorophores in the total fluorescence decay would result in a decrease in lifetimes.  Irrespective of which factors are responsible for the reduction of fluorescence lifetimes of BSA-F5 and BSA-T7 (when compared to BSA-F1 and BSA-T1, respectively), the possibilities discussed above are distance dependent effects.  Therefore, when there are structural changes in the highly labeled proteins, one will expect that there will be related changes in the fluorescence emission.  
Although BSA-F5 and BSA-T7 show a decrease in the decay times when deposited on solid surfaces when compared to the bulk media, both show small lifetime differences (but larger than those observed for BSA-F1 and BSA-T1) when they are adsorbed on different surfaces (Figure 5). That is, the lifetimes obtained in the green channel are slightly higher for BSA-F5 on the hydrophilic surface compared to the hydrophobic surface.  The same trend can be observed for BSA-T7 red channel lifetimes.  They are brighter than their homologues (BSA-F1 and BSA-T1) however, the lifetimes differences are not sufficient to differentiate between the different surfaces. 

Adsorption of hetero labeled BSA

The detection of fluorescence signal in the green channel must be analyzed with care due to the possibility of detection of red fluorescence, e.g. cross-talk.  In our experimental setup, we were not able to eliminate completely the fluorescence signal from the TMR at short edge tail of the fluorescence band up to 560 nm.  To properly exclude TMR fluorescence, a bandpass filter with an upper limit of 530 nm should be used.  Although, the estimated amount of TMR emission can be small for BSA-F4-T2 in bulk solution, this cross-talk increases with the increase of energy transfer 
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efficiency.  From our data we observe that the greatest energy transfer efficiency is obtained for BSA-F4-T2 adsorbed onto the hydrophobic surface.  We note that the <τ> obtained for BSA-T1 on a hydrophobic surface in the red channel (1.84 ns) is larger than the value obtained for BSA-F4-T2 adsorbed on hydrophobic surface in the green (0.37 ns), with a contamination the true <τ> for BSA-F4-T2 adsorbed on hydrophobic surface should smaller than 0.37 ns.  This means that the energy transfer value obtained for BSA-F4-T2 adsorbed on the hydrophobic surface has to be considered as the lower limit, i.e., the ET efficiency is even higher than that determined.  In the case of BSA-F6-T1, where the apparent energy transfer efficiency for adsorption on a hydrophobic surface is smaller than that observed in the bulk, the fluorescence cross-talk in the green channel will be relatively small compared to the BSA-F4-T2 case.  
For the green channel, if we take the bulk solution as a reference, we note that <τ> for the hetero constructs follow different trends when they are adsorbed on surfaces (Figure 5a).  For BSA-F4-T2, <τ> is slightly longer on the hydrophilic surface compared to the bulk solution, whereas for BSA-F6-T1 the opposite is true for the same surface.  Conversely for hydrophobic surfaces, BSA-F4-T2 shows the larger decrease in lifetimes compared to the BSA-F6-T1 construct.  Perhaps this difference is because of the presence of two TMR acceptors that enhances energy transfer, and thus is more sensitive to structural changes (vide infra).  These results suggest that the BSA-F4-T2 construct is a good candidate molecule for studying these surface induced effects.
The analyses of the red channel lifetime data for the hetero conjugated protein cannot be made, because the mixture of energy transfer excited TMR acceptors with those directly excited by the 405 nm excitation source can complicate the interpretation of the red fluorescence intensity decays.  In addition, we must also consider that some fluorescein emission will contribute to the total emission detected in the red channel, as illustrated in Figure 1b.  This fluorescein contribution can be enhanced when there is an increase of red emission quenching or when we use a construct 
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with high F/T molar ratio.  The fluorescence quenching of rhodamine by amino acid residues is much less efficient than that for fluorescein [50].  However, it has been reported, that decreases of fluorescence intensity and lifetime of TMR were observed when a fluorescein based molecule was bound to a nucleic acid structure with at least 24 base pairs of separation [51].  In this case, the possibility of TMR being quenched by fluorescein cannot be ruled out.  Moreover, the red channel fluorescence signal from the hydrophilic surfaces was very weak which would increase the probability of detecting a significant contribution from the fluorescein emission.  For BSA-F4-T2, the analysis of red channel has an extra complication because of the possibility for the two TMR to be labeled in a site relatively close to each other, which could allow an exciton coupling [52,53].  Thus the emission properties would depend strongly on the closeness and orientation of the two Ts. Therefore, we cannot provide an unambiguous analysis of the <τ> values obtained in the red channel for BSA-F4-T2.  
Average Donor - Acceptor distance of deposited proteins

The observed protein structural changes are caused by a variety of factors that depend on physicochemical properties of the protein, the surface, and the aqueous environment.  The hydrophobic (or hydrophilic) character of a surface is usually expressed by its wettability, which is typically measured by the contact angle that a drop of water makes on the surface [9,31] or recently by fluorescence probes [54].  In aqueous solutions, the polar residues of BSA are, in general, more exposed to the bulk solution than non polar groups.  When BSA comes into contact with a hydrophobic surface, a structural rearrangement occurs which can be observed by FRET.  This happens because in the native conformation the hydrophobic pockets of the protein which are internally located need to be exposed to the hydrophobic surface to promote adsorption [9,10]. The interaction of BSA with hydrophilic surfaces can be either attractive or repulsive depending on 
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the net driving force of the system.  At pH 7.4, both the hydrophilic surface and BSA are negatively charged, thus mutually repulsive which helps explain why less protein is deposited on the hydrophilic surface.  However, some BSA does adsorb on this surface due to dispersion forces which can lead to some structural changes [18].  It is, therefore, the balance between electrostatic and dispersion forces (as determined by enthalpic contribution) that plays an important role in structuring the protein in the deposited layer on the surfaces.  In the analysis of the fluorescence approach used to determine how the protein structure is affected by the surface chemistry, a clear dependence on where the donor and acceptor probes are located in BSA and the FRET efficiencies are expected.   
As we have already mentioned, the spectral properties and fluorescence lifetimes are very similar when the BSA-fluorescein conjugation generates a ratio greater than three fluorophores per protein, i.e., BSA-F4, BSA-F5, and BSA-F6.  Using the green channel <τ> data obtained for BSA-F5, the energy transfer (ET) efficiency and, therefore, the average distance between fluorescein and TMR can be calculated (using equations S5-7, supplemental information) and the results are displayed in Table 3-4. 
We note small differences in the ET efficiency values between both hetero constructs (BSA-F4-T2 and BSA-F6-T1), when they are in the bulk.  In the deposited layer on hydrophilic surfaces, where the detected signals were low, the FRET efficiency observed for BSA-F6-T1 is ca.  two-fold of that for BSA-F4-T2.  In the case of BSA-F4-T2 where the fluorescein emission intensity is expected to be smaller than that for BSA-F6-T1, the contribution of the red fluorescence in the green channel will be increase with the increase of excitation energy. Moreover, fluorescein photobleaching would further enhance the contribution of TMR emission in the green channel, reducing the FRET efficiency obtained for BSA-F4-T2.  Despite the differences in the two constructs, the ET efficiency decreases when they are adsorbed on hydrophilic surfaces.  This decrease may be explained by an 
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increase of the average distances between the fluorescein and TMR centers.  The major distinction between these hetero constructs in the ET efficiency is observed when they are adsorbed on more hydrophobic surfaces, for BSA-F6-T1 it is 14% while for BSA-F4-T2, it is but 67%.  This opposite trend between both constructs when adsorbed on the same surface shows the importance of having more than one TMR in the doubly labeled protein. 
The BSA-F4-T2 construct shows the largest changes because the presence of a second TMR acceptor, which is probably attached to a region that is structurally most affected by the adsorption process, causing a reduction in the average D-A distance.  In this case, the average distance between fluorescein and T centers in BSA-F4-T2 decreases on going from the bulk solution to the hydrophobic surface and increases for the hydrophilic surface.  The observations may indicate that some part of the protein structure stretches slightly when it is adsorbed on hydrophilic surface (as observed for BSA-F6-T1) and contracts when on the hydrophobic surface.  In the case of the contraction we would suggest that this may occur in the region of the protein where the second TMR in BSA-F4-T2 is most likely located, while the expansion may happen in the region where TMR is located in BSA-F6-T1.  Assuming that the protein structure is extended on the hydrophilic surface, less space would be available for the adsorption of further proteins.  Whereas, if the protein structure is partially contracted (or compacted), more protein can fit on the surface.  This would mean that more protein can be adsorbed on the hydrophobic than hydrophilic surfaces, which has been observed using other techniques [9,11].  
The BSA concentration on these hydrophilic surfaces is around 0.9 mg/m2 [18] while on a hydrophobic surface (polystyrene) it is ~2.3 mg/m2 [9].  Using the BSA-F4-T2 molecular weight (~68.4KDa), the surface area occupied by an adsorbed protein can be estimated.  Each BSA-F4-T2 molecule will occupy an area of 1.26 × 104 Å2 on a hydrophilic surface, and 0.49×104 Å2 on a hydrophobic surface.  This is approximately a square of side 112 Å and 70 Å, respectively.  Since 
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the BSA structure can be roughly considered as a prolate ellipsoid shape with dimensions of 140 Å and 40 Å [36], one can expect that the major BSA conformation to adsorb on hydrophilic surface is “side-on” while in hydrophobic is “end-on”.  In the side-on conformation, the long axis lies parallel to the surface, while in the end-on conformation the short axis is parallel to the surface.  Thus the probability of intermolecular FRET between adsorbed proteins will be higher on hydrophobic surfaces than on hydrophilic surface. From our data, only BSA-F4-T2 on a hydrophobic surface showed very significant energy transfer which also could be partly due to intermolecular FRET. This means that the average distance between the FRET pairs can be directly related to the density of the deposited layer.  
We acknowledge that the unknown probe locations is a major drawback which prevents a more accurate determination of how the protein structure and orientation are affected by the surface interactions.  However, the use of these doubly labeled constructs clearly shows variations in energy transfer efficiencies on different surfaces.  Since this is related to changes in the average distances of the donor and acceptor fluorophores, the data can be used to monitor surface induced structural changes of the deposited protein layer.  For this end, the BSA-F4-T2 construct was shown to be the more appropriate probe for observing surface-induced changes. 
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Conclusions

This confocal, FLIM-FRET method using these Fluorescein-BSA-T constructs may be used to probe the different microenvironments that serum proteins experience on surfaces.  In this work, we have explored several parameters that are relevant for this approach to be used as a tool in the determination of protein structural changes induced by the surfaces during adsorption.  Some issues must be considered in measuring the fluorescence lifetimes of the labeled protein adsorbed on hydrophilic surfaces, because of low signal levels (perhaps due to low amounts of protein deposited), the lack of optical resolution to discriminate emissions between the deposited protein and the bulk solution above the surface containing the fluorescently labeled protein.  When the protocol is modified to remove the bulk protein solution after incubation, we were able to obtain more reliable results.  
The influence of effects such as refractive index, viscosity and aminoacid residue quenching must also be considered in this FLIM-FRET method.  Fortunately, these effects can be reduced or eliminated by always using the singly labeled proteins (with only donors) as controls (in solution and on surfaces).  Thus surface effects can be resolved using FLIM-FRET via a detailed comparison of the fluorescence intensity and lifetime data from the hetero labeled protein constructs with the data from the singly labeled BSA constructs.  The BSA-F5, BSA-T7, and BSA-F6-T1 constructs were found to be very bright and thus making them very good for discriminating between the bulk and surface regions in FLIM images, either by intensity or by fluorescence lifetime.  However, they were shown to be unable to distinguish between the glass surfaces i.e. surface hydrophilic or hydrophobic character.  Using the experimental setup described, we were unable to completely eliminate cross-talk of red fluorescence into green channel.  Thus the small contribution from the TMR fluorescence will affect the fluorescence decays detected by the green channel.  Although, this would not be a major problem for the BSA-F6-T1 construct, the results for BSA-F4-T2 on 
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hydrophilic surfaces must be interpreted and analyzed with care to account for cross-talk because of the low fluorescence signal detected in the green channel, and the expected reduction of fluorescein fluorescence by FRET.  We have found that the BSA-F4-T2 construct was the best fluorescent model protein to probe the differences of the surfaces, in the way that they induce the structural changes of the adsorbed protein.  Using BSA-F5 as the only donor in the FRET pair, the interaction of BSA-F4-T2 with surfaces of different polarities show two distinct effects when compared to the protein structure present in the bulk solution; that is, the average FRET pair distance increases when the protein adsorbs onto a hydrophilic surface, while on hydrophobic surface that average distance decreases.  The F-T FRET pair is not the best probe, because of the lack of labeling control (position and number), some photobleaching, and relatively small range of lifetime changes.  Despite these limitations, these FLIM-FRET results show that the protein structure can be affected differently by the nature of the surface upon which it is deposited.  In the future, the use of brighter and more specific fluorescence labels should increase the potential of this FLIM-FRET method for the rapid characterization of surface induced structural changes in proteins (and possibly surface orientation), and thus better designed adaptive biomaterials for medical applications.
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Supplementary data:  Detailed figures are shown for the preparation of the surfaces, sample incubation, and sample scanning.  Details for FLIM image preparation and details of equations used for Energy transfer calculations.  Fluorescence, absorption and excitation spectra for the labeled proteins.  The error values for the fluorescence decay parameters for all the conjugated proteins are presented.  In addition, we discuss and provide experimental data on the effects of refractive index and viscosity on the fluorescence lifetimes of BSA-F1 and BSA-T1.
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Table 1:  Fluorescence decay parameters for the homo labeled BSA.
Construct Medium τ1 (ns) τ2 (ns) a1 a2 <τ> (ns) τav (ns)

BSA-F1(Green Channel)
Bulk 0.81 3.91 0.38 0.62 2.73 3.56

Hydrophilic 0.81 3.68 0.65 0.35 1.81 2.85
Hydrophobic 0.67 2.95 0.53 0.47 1.74 2.48

BSA-F5(Green Channel)
Bulk 0.64 3.62 0.60 0.40 1.83 3.01

Hydrophilic 0.52 2.74 0.67 0.33 1.25 2.12
Hydrophobic 0.60 2.23 0.67 0.33 1.14 1.65

BSA-T1(Red Channel)
Bulk 1.22 3.40 0.48 0.52 2.35 2.86

Hydrophilic 0.87 2.68 0.53 0.47 1.72 2.20
Hydrophobic 1.07 2.52 0.47 0.53 1.84 2.13

BSA-T7(Red Channel)
Bulk 0.57 2.56 0.63 0.37 1.31 2.01

Hydrophilic 0.43 1.71 0.74 0.26 0.76 1.18
Hydrophobic 0.43 1.01 0.65 0.35 0.63 0.75
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Table 2:  Fluorescence decay parameters for hetero labeled BSA constructs obtained from the green channel.
Construct Medium τ1 (ns) τ2 (ns) a1 a2 <τ> (ns) τav (ns)

BSA-F4-T2 Bulk 0.44 3.32 0.81 0.19 0.99 2.26
Hydrophilic 0.64 3.18 0.82 0.18 1.10 1.97
Hydrophobic 0.33 2.54 0.98 0.02 0.37 0.62

BSA-F6-T1 Bulk 0.50 3.22 0.78 0.22 1.10 2.25
Hydrophilic 0.52 2.80 0.82 0.18 0.92 1.74

Hydrophobic 0.64 1.91 0.73 0.27 0.98 1.30
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Table 3:  Energy Transfer efficiency (%) between donor-acceptor centers in the hetero doubly labeled protein constructs in solution and on surfaces, using BSA-F5 as a donor, respectively, for each medium. 
Medium E (BSA-F4-T2) E (BSA-F6-T1)Bulk 46 ± 6 40 ± 8Hydrophilic 12 ± 2 26 ± 3Hydrophobic 67 ± 12 14 ± 3
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Table 4:  Average Donor-Acceptor distance (in R0 units) of the hetero doubly labeled protein constructs in solution and on surfaces, using BSA-F5 as a donor, respectively, for each medium. 
Medium R (BSA-F4-T2) R (BSA-F6-T1)Bulk 1.03 ± 0.04 1.07 ± 0.06Hydrophilic 1.39 ± 0.05 1.19 ± 0.03Hydrophobic 0.89 ± 0.08 1.36 ± 0.05
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FIGURE CAPTIONS: 

Figure 1– Schematic outline of the two channel ISS Alba FLIM system used in this study.  The excitation source is a 405 nm modulated laser diode.
Figure 2 – (a) Electronic absorption spectra, and (b) Fluorescence emission spectra obtained at 405 nm excitation for a solution of the doubly labeled BSA-F4-T2 (solid line), a solution comprising of a mixture (2:1 molar ratio) of BSA-F1 and BSA-T1 (dotted line), and simulated 4xBSA-F1+2xBSA-T1 (grey colored line).  The fluorescence emission is split into two separate, green (fluorescein, Ch II) and red (T, Ch I) detector channels and the bars in (b) represent the full width half maxima of the band pass filter sets used for each channel.  
Figure 3 –  Confocal fluorescence intensity images of BSA-F5 under PS+ experimental conditions for: (a) hydrophobic, (b) hydrophilic surfaces,  and the respective FLIM images (c) and (d) obtained at 100 MHz.  The white rectangle in (c) is included for clarity in the for non color print to indicate the short lifetime region.
Figure 4 – Average modulation ratios (a, b, c) and phase delays (a’, b’, c’) for BSA-F5 (PS+ conditions) measured in bulk (a, a’), on a hydrophilic surface (b, b’), and on a hydrophobic surface (c, c’).  The dashed lines represent the best biexponential fitting curves.  The data was extracted from the 32 x 32 pixel multi-frequency FLIM images. 
Figure 5 – Amplitude-weighted average fluorescence lifetimes of the various labeled proteins in solution and on different surfaces as measured in the green (A) and red (B) channels. 
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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Graphical abstract
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Research highlights:
• Refractive index, viscosity and aminoacid quenching can be relevant in FLIM-FRET.
• Doubly labeled BSA showed distinct structural behavior when deposited on surfaces.
• BSA-F4-T2 was the best model protein to probe the differences of the surfaces.
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