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Evaluating the interaction of human serum albumin (HSA) and 
1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) liposomes in 
different aqueous environments using anisotropy resolved 
multi-dimensional emission spectroscopy (ARMES) 
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A B S T R A C T   

Studying the interaction between plasma proteins and liposomes is critical, particularly for their use as drug 
delivery systems. Here, the efficacy of anisotropy resolved multidimensional emission spectroscopy (ARMES) for 
investigating the interaction of human serum albumin (HSA) with liposomes was explored and compared to 
conventional spectroscopic techniques. Dynamic Light Scattering (DLS) and absorbance spectroscopy (with 
Multivariate Curve Resolution (MCR) modeling) indicated that the highest degree of liposome rupturing, and 
aggregation occurred in water, with less in ammonium bicarbonate buffer (ABC) and phosphate buffered saline 
(PBS). Fluorescence emission spectra of HSA-liposome mixtures revealed significant hypsochromic shifts for 
water and ABC, but much less in PBS, where the data suggests a non-penetrating protein layer was formed. 
Average fluorescence lifetimes decreased upon liposome interaction in water (6.2→5.2 ns) and ABC buffer 
(6.3→5.6 ns) but increased slightly for PBS (5.6→5.8 ns). ARMES using polarized Total Synchronous Fluores-
cence Scan measurements with parallel factor (PARAFAC) analysis resolved intrinsic HSA fluorescence into two 
components for interactions in water and ABC buffer, but only one component for PBS. These components, in 
water and ABC buffer, corresponded to two different HSA populations, one blue-shifted and penetrating the 
liposomes (λex/em = ~ 280/320 nm) and a second, similar to free HSA in solution (λex/em = ~ 282/356 nm). 
PARAFAC scores for water and ABC buffer suggested that a large proportion of HSA interacted in an end on 
configuration. ARMES provides a new way for investigating protein-liposome interactions that exploits the full 
intrinsic emission space of the protein and thus avoids the use of extrinsic labels. The use of multivariate data 
analysis provided a comprehensive and structured framework to extract a variety of useful information (resolving 
different fluorescent species, quantifying their signal contribution, and extracting light scatter signals) all of 
which can be used to discriminate between interaction mechanisms.   

1. Introduction 

Liposomes are spherical vesicles containing at least one lipid bilayer, 
typically 50–500 nm in diameter, which spontaneously form when 
certain lipids are hydrated with aqueous media [1]. Since the 1960’s [2] 
liposomes have found multiple uses [3], being used as models for 
membranes and simple cells, allowing in vitro investigation of a broad 
range of biochemical processes [4,5]. Liposomes are also used as drug 
delivery systems (DDS) [6–8], being able to modulate pharmacokinetics 
and pharmacodynamics of entrapped drugs by protecting them against 
chemical and immunological breakdown, thereby reducing unwanted 

side-effects [9]. In the context of their use in vivo, it is important to 
characterize the interaction of liposomes with serum constituents, 
particularly proteins [10,11]. 

Interaction of liposomes with plasma proteins can dramatically affect 
stability and in vivo behavior which in turn impacts on DDS efficacy 
[12–15]. An important factor to consider when studying 
protein-liposome interactions (particularly when using in-vitro model 
systems) is the aqueous environment in which the interaction takes 
place. The aqueous environment (e.g., pH and ionic strength) changes 
physicochemical properties of both protein and liposome and will 
therefore influence the interaction [16,17]. Some studies avoid the use 
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of buffers, using water instead to promote interaction [10,11]. However, 
in order to better replicate physiological conditions buffers are required 
[18], primarily to prevent protein aggregation [19,20], but the 
composition and ionic strength of buffers also affects liposome proper-
ties like size and membrane rigidity [21,22]. For example, the interac-
tion of a zwitterionic liposome, POPC, and magainin, with different salt 
concentrations, showed a decrease in interaction with increasing salt 
concentration. The decreased interaction is caused by a combination of 
factors including increased membrane rigidity along with protein sta-
bilization at high salt concentration, which reduces the propensity for 
interaction [21,22]. Conversely in low ionic strength solutions, like 
water, the protein is less stable making interactions between hydro-
phobic regions of the proteins and the zwitterionic lipid bilayer more 
energetically favorable [23]. 

Protein–liposome interactions are often studied using conventional 
2D fluorescence measurements of intrinsic protein emission [24–26]. 
However, intrinsic protein fluorescence contains overlapping Tyr and 
Trp emission leading to complex emission spectra. This overlap limits 
the information available from 2-D spectra, so multi-dimensional fluo-
rescence (MDF) measurements are preferred as this can facilitate spec-
tral resolution into the constituent fluorophores. MDF spectra can be 
collected either as Excitation Emission Matrices (EEM) or as total syn-
chronous fluorescent scans (TSFS) [27, 28]. In situations where signif-
icant particles are present, producing high degrees of light scatter, such 
as for bioprocess broth analysis [29], or liposome analysis, TSFS mea-
surements are preferred. 

MDF spectroscopy can be further enhanced by adding anisotropy (or 
polarization) information making a 4D measurement. Using polarized 
EEM (pEEM) and polarized TSFS (pTSFS) measurements provides a new 
approach for studying complex systems containing proteins [30–34]. 
This measurement methodology has been further developed into 
anisotropy resolved multidimensional emission spectroscopy (ARMES) 
[35,36] which combines multivariate data analysis methods like Parallel 
Factor (PARAFAC) or Multivariate Curve Resolution (MCR) to specif-
ically resolve individual fluorophore contributions from complex 
spectra [32,37]. PARAFAC is the most popular method for resolving 
MDF spectra [38,39], and here it is used for analyzing the changing 
intrinsic HSA emission during interaction with DMPC (dimyr-
istoyl-sn-phosphatidylcholine) liposomes. 

Here, we explore the efficacy of pTSFS measurements and ARMES 
data analysis for studying protein-liposome interactions and compare 
the information obtained with that obtained from conventional absor-
bance, fluorescence steady-state, and lifetime spectroscopies, and Dy-
namic Light Scattering (DLS) measurements. DMPC is neutrally charged 
and easily forms liposomes, and we used HSA in different buffers as a 
model to investigate protein–liposome interactions (Fig. S1, SI). DMPC 
liposomes of ~ 200 nm diameter were used for two reasons: first because 
they are stable in water and buffer, and second because they are also 
used for DDS [40,41]. HSA was selected as it is the major serum protein 
present in blood and is a relatively simple protein in terms of structure 
and fluorescence. HSA has a heart like shape [42] 3.8 × 15 nm in size 
[43,44], with three domains each of which contains two subdomains 
[45]. Intrinsic HSA fluorescence is dominated by the single tryptophan 
fluorophore (Trp-214), with a smaller contribution from 17 tyrosine 
residues, while the phenylalanine contribution is negligible [46]. Lipo-
somes were also labeled with a FRET pair of lipophilic dyes: 1,1’-Dio-
ctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine perchlorate (Dil) and 
1,1’-Dioctadecyl-3,3,3’,3’-Tetramethylindocarbocyanine, 4-Chloro--
benzenesulfonate salt (DiD) to provide a FRET based extrinsic fluores-
cence method for monitoring protein-liposome interactions [47,48]. 

2. Materials and methods 

2.1. Materials 

1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC) (850345P-1G, 

Lot no. 274) was purchased from Avanti polar Lipids. 1,1’-Diooctadecyl- 
3,3,3’,3’-Tetramthylindocarbocyanine Perchlorate (Dil) (D282, lot no. 
2095333) and 1,1’-Diooctadecyl-3,3,3′,3′-Tetramthylindocarbocyanine, 
4-Chlorobenzenesulfonate Salt (DiD) (D7757, lot no. 2071577) lipo-
philic dyes were purchased from Sigma Aldrich. Chromasolv® water 
(772-18-5, lot no. BCCD42850) was purchased from Fisher Chemicals. 
Phosphate buffered saline, PBS, (P4417) tablets were purchased from 
Fisher Chemicals and used to make a 10 mM buffer solution of pH ~7.4. 
NH4HCO3 was purchased from Fisher and used to make a 50 mM buffer 
solution of pH ~7.8. HSA (A1887, lot no. SLMBM7779V) was purchased 
from Sigma Aldrich and used without further purification. Chloroform 
(99%+, Extra Pure) and ethanol (99%+, Absolute, Extra Pure) were also 
purchased from Fisher Chemicals. All materials were used as received. 

2.2. Sample preparation 

Stock solutions (1 mM) of lipophilic dyes (Dil and DiD) were pre-
pared in ethanol [47,48]. Mixtures of lipids (10 mg/ml) and lipophilic 
dyes (< 0.5% labeling ratio) were homogenously dispersed in chloro-
form and dried overnight under vacuum. The resulting lipid thin film 
was re-suspended in water or buffer. Large unilamellar vesicles were 
prepared via extrusion using an Avanti mini-extruded kit with a heating 
block at 25

◦

C, above the phase transition temperature of DMPC, using 
200 nm polycarbonate filters (Whatman, 800281). Liposomes were 
freshly prepared daily and analyzed within 8 hours. Nine separate ex-
trusions were made for every sample mixture with 3 replicate samples 
prepared in each of the water, PBS, and ABC buffers. The number of 
lipids per liposome, was estimated using the Mozafari et al. method 
(Eqs. (S1) & (S2), Table S1, SI) [49]. 

To prepare protein-liposome samples, stock solutions of HSA (4 mg/ 
ml, 0.2 µm filtered) and extruded DMPC liposomes (5 mg/ml) were 
prepared in water, PBS, and ABC buffers. Ten different mixtures were 
prepared with a constant DMPC concentration (0.25 mg/ml, 0.37 mM) 
and varying HSA concentrations (0–2 mg/ml, 0–0.03 mM), corre-
sponding to 1:185–1:12 HSA:DMPC molar ratios. All samples were 
incubated at 25 ◦C for ~2–3 h prior to analysis to ensure complete 
interaction between protein and liposome. 

2.3. Spectroscopy 

DLS measurements were collected at 25 ◦C using a Zetasizer® Nano 
ZS (Malvern Panalytical Ltd.) after samples being first equilibrated at 
25 ◦C for 120 s (see Section 1.2, SI for more details). DLS analysis was 
conducted using the Zetasizer software ver. 7.13 (Malvern Panalytical 
Ltd.). UV–visible absorbance spectra at 25 ◦C were obtained from sam-
ples pipetted into semi-micro quartz cuvettes (10 × 4 mm) (Light-path 
Optical Ltd UK) using Cary 60 spectrophotometer (Agilent Technologies) 
along the short axis of the cuvette. 

Steady-state emission and pTSFS spectra were collected at 25 ◦C with 
a Cary Eclipse Spectrophotometer (Agilent Technologies) fitted with wire- 
grid polarizers (Fig. S2, SI) [35] with samples held in semi-micro quartz 
cuvettes (10 × 4 mm). Excitation was along the short axis (4 mm) and 
emission was collected along the long axis (10 mm). pTSFS spectra were 
collected (see Section 1.2 in SI for a more detailed explanation of 
measurements and ARMES) over a 250–310 nm excitation range with 
varying wavelength offsets of 20–150 nm (corresponding to λem =

270–400 nm) with 2 nm step increments for both axes and the scan rate 
was 1200 nm min–1 with PMT voltage of 875 V. Wavelength offsets of 
Δλ ≥ 20 nm [33] were used, to minimize the Rayleigh scattering 
contamination. Three different 2D emission scans were also collected 
measuring HSA emission (λex/em = 280/310–420 nm) and two regions of 
the lipophilic dye’s emission (λex/em = 532/550–700 nm (FRET trace) & 
λex/em = 620/640–740 nm (direct FRET acceptor excitation)), all spectra 
were collected with 1 nm increments, at 600 nm min–1, and the pho-
tomultiplier tube detector (PMT) voltage of 875 V (for λex = 280 nm), 
900 V (for λex = 532 nm), and 800 V (for λex = 620 nm). Excitation and 
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emission monochromator slit widths were 5 nm for all measurements. 
All fluorescence emission measurements were collected using two 

different polarizer settings: VV (vertical-vertical), VH (vertical-hori-
zontal). The instrumental G-factor was calculated each day from the HH 
(horizontal-horizontal), HV (horizontal-vertical) spectra of samples with 
the best SNR (the HSA only solutions). Anisotropy (r) was calculated 
using the standard formula [46,50] (see SI, Equations S3/S4). 
Magic-angle fluorescence decays were recorded using a Time Correlated 
Single Photon Counting system, Fluotime 200 (PicoQuant GmbH, Berlin). 
Excitation was a 295 nm 4 MHz pulsed LED (PLS-8-2-299, PicoQuant) 
and emission was collected at 350 nm with a 35 ps time resolution. 
Decays were collected to 20,000 counts in the peak channel. Instrument 
response function was measured using a diluted (1:1000) Ludox solu-
tion. Lifetimes were calculated by iterative reconvolution using the 
FluoFit software ver. 4.6.6 (PicoQuant). A tri-exponential model was 
required, and the fits were considered appropriate once χ2 reached 
values < 1.25, and residuals did not show systematic trends (Fig. S8, SI). 
Here we used the intensity weighted average lifetime (Equation S5, 
Table S2, SI). 

2.4. Data analysis 

Data analysis of 2-D spectral data and multidimensional ARMES 
spectral data was conducted using PLS toolbox ver. 8.2.1 (Eigenvector 
Research Inc.), MATLAB ver. 9.1.0 (The Mathworks Inc.) and in-house 
codes. UV-Vis absorbance spectra were analyzed by MCR-ALS [51] in 
order to resolve HSA absorbance from the light scatter signal of the 
DMPC liposomes, and get accurate relative contributions (see SI for 
more details). The data matrix D (108 × 76) was constructed with 108 
rows representing the absorbance spectra in all buffers of the different 
HSA-liposome mixtures, and the DMPC and HSA stock solutions, all 
measured in triplicate. The columns (n = 76) were the absorbance 
values, measured at 1 nm intervals between 250 and 400 nm. 
Non-negativity constraints were set in both spectral and concentration 
modes. One-component in the spectral mode was fixed (equality 
constraint) to the absorbance spectrum of pure HSA spectra (Section 1.5, 
SI). Fixing this one component only marginally increased the lack of fit 
(Table S3, SI), but it enabled better modeling of the HSA signal at lower 
concentrations, and also removed rotational ambiguities compared to 
only using non-negativity constraints (Tables S4/S5, SI). 

For 2D and 3D MDF fluorescence spectra, HH and HV polarization 
spectra were used to calculate the G-factor (G = IHV/IHH). This was used 
to correct VH spectra for polarization bias, giving the corrected 
perpendicular S/TSFS⟘ spectra. VV polarization spectra are the parallel 
polarized, S/TSFS║, spectra. Total unpolarized S/TSFST spectra were 
calculated from the parallel and perpendicular spectra as 
follows: S/TSFST = S/TSFS║ + (2× S/TSFS⟘). Raman scattering 
was reduced by blank subtraction of a buffer spectrum from sample 
spectra. Spectra were Savitzky-Golay smoothed to reduce unwanted 
noise, inner filter effect (IFE) [52] correction was not implemented due 
to strong liposome light scattering and relatively high protein concen-
trations used. When using TSFS, it is secondary IFE (i.e., scattering of the 
protein emission by the liposomes) which is a significant contributor to 
emission signal changes. 

Changes in TSFS raw spectra (only corrected with water/buffer and 
G-factor for VH data) caused by interaction with the liposomes were first 
explored using PCA analysis [53]. Prior to PCA, the global dataset 
containing all samples was re-shaped to form a two-way dataset 
(108 × 2046 (interaction samples n = 90, stock DMPC liposomes n = 9, 
stock HSA n = 9)), and mean centering was applied before modeling. 
Before PARAFAC analysis [54–56], TSFS spectra were transformed to a 
trilinear EEM layout, and designated: t-EEMT, t-EEM⟘, and t-EEM║ [57]. 
For PARAFAC the liposome only spectrum in either water, ABC or PBS 
buffer was subtracted to try and reduce excitation light scatter artefacts. 
For t-EEM data, interpolation was used to accommodate areas with no 
experimentally acquired spectral information [33]. Then the data was 

cut down to select the area of interest (λex/em = 250–310 / 
270–400 nm). Pre-processed t-EEM data were arranged in a three-way 
array (X) of size 99 × 66 × 31 and 33 × 66 × 31 (samples×λem×λex) 
for global (all samples, all buffers) and sub-models (per interaction 
medium), respectively (where interaction samples n = 90/30, stock 
HSA n = 9/3). 

3. Results and discussion 

The HSA and liposome only solutions, were first characterized using 
conventional analytical methods to determine size, stability, and qual-
ity. Then the HSA-liposome mixtures were examined first by conven-
tional techniques, and then by the more complex pTSFS measurements, 
multivariate data analysis, and the ARMES method. The goal being to 
see what additional information about protein-liposome interactions 
can be extracted by pTSFS and ARMES. A diagram showing the data 
analysis scheme for the spectroscopic measurements and the outputs is 
provided in Fig. S3, SI. 

3.1. DLS analysis 

DLS analysis of the freshly extruded liposome solutions over 48 h 
(Fig. S4, SI) was used to validate that successful extrusion had been 
achieved [58,59] and to assess if they were stable over the timeframes 
used for protein-liposome interaction experiments. Small size changes 
(< 4%) were detected in all cases, indicating the liposomes were suffi-
ciently stable for 8-hours, and thus observed changes should be caused 
by interaction with protein. The liposomes had relatively low PDI 
(< 0.2) in all solutions [60], with average hydrodynamic diameters of 
137.8, 161.6, and 166.3 nm in water, ABC buffer, and PBS, respectively 
(Table 1, Fig. S5, SI). Liposomes were smallest in water because zwit-
terionic lipid vesicles are known to swell in salt solutions [61]. This 
swelling is thought to be primarily driven by weakening of van der 
Waals (vdW) attraction between lipids and solvent, the strength of this 
interaction is proportional to the dielectric constant difference between 
lipid and solvent, the larger the difference, the stronger the attraction 
between adjacent bilayers [62]. 

DLS revealed that HSA hydrodynamic diameter increased very 
significantly from 7.8 nm in water, to 9.5 and 9.6 nm in PBS and ABC 
buffer buffers respectively (Table 1 & Fig. S6, SI). This size difference 
was due to electrostatic stabilization of the protein structure into a larger 
extended ellipsoid or oblate ellipsoid conformation by counterions 
present in the buffers. Conversely in water, HSA is more compact 
because due to the lack of pH buffering capacity and counterions in 
solution necessary to increase the proteins conformational stability 
through electrostatic stabilization [20,63]. DLS also revealed a higher 
PDI (and lower peak 1 contribution) in water which suggests the pres-
ence of more aggregates (Table 1) [64,65]. These structural and 
composition differences will have a significant impact on the interaction 
with liposomes. After incubation with HSA, the liposomes were exten-
sively ruptured in water, with DLS measurements not being reproducible 
but indicating multiple size populations (Fig. 1G) making quantitative 
analysis impossible [66,67]. However, in ABC and PBS buffers, lipo-
somes appeared much more stable, and DLS showed that there were two 
size populations of particles. For liposomes incubated with 2 mg/ml 
HSA, in ABC and PBS buffers, polydispersity increased to ~ 0.24 and 
~ 0.29, and average particle size increased to ~ 170 and ~ 215 nm 
respectively. The bimodal distribution in the volume data showed peaks 
at ~ 150–200 nm and at ~ 250–350 nm (Fig. 1H and I, Fig. S7, SI). The 
first population is related to a combination of both free, unperturbed 
liposome (if any remained in solution) and liposomes with protein 
coatings. The second population was probably due to aggregates of the 
protein-liposome species [68]. Studies have reported that protein 
monolayer (or protein corona) formation on liposome surfaces can make 
the surface more adhesive, thus inducing formation of large particle 
clusters which seems to be the case here [69,70]. 
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3.2. Absorbance spectroscopy 

Absorbance spectra of HSA-DMPC liposomes were analyzed using 
MCR-ALS to extract the concentration and pure absorbance and scat-
tered light spectra. The MCR model (Fig. 2) on the global dataset 
(n = 108) is presented here, with specific buffer models included in the 
SI (Fig. S9, Table S3). Two components were extracted corresponding to: 
DMPC (mostly scattered light) and HSA explaining > 99.8% of the total 
variance, the HSA component accounted for 20.6% of the variance with 
DMPC accounting for 79.2% showing the significant impact that light 
scattered from the particles had on the measured spectra. For particles in 
the 150–200 nm range of this composition, and the wavelengths of light 
involved, the light scatter becomes much less isotropic and Mie scatter in 
the forward direction starts to dominate, particularly for parallel 
polarized light. Furthermore, the scatter component scores were much 
greater in water (Fig. 2B) which was expected with the larger degree of 
rupturing. For ABC and PBS buffers the scatter signal was nearly con-
stant for all HSA additions which indicated a relatively stable particle 
size and distribution, which agrees with the DLS data. The recovered 
HSA scores were linear with increasing concentration in all cases which 
agreed with the Beer-Lambert law. Thus, MCR accurately resolved 
DMPC (i.e. the scttered light) and HSA (absorbance) contributions. 

However, this also shows the limitations of absorbance spectroscopy as 
there was no evidence for any spectral changes in either component 
thus, we cannot monitor the protein-liposome interaction apart from 
saying that in water the liposomes were highly disrupted by HSA. Thus, 
a more sensitive measurement method is needed. 

3.3. 2D fluorescence emission and anisotropy analysis 

The interaction between HSA and DMPC liposomes (Fig. 3A–B) 
resulted in significant blue-shifts of 22 and 17 nm for water and ABC 
buffer respectively ([HSA] = 0.13 mg/ml in t-EEM⟘) [46]. In PBS under 
the same conditions, however, there was far less significant blue-shift of 
~ 1 nm (Fig. 3C). Lifetime measurements of HSA emission showed a 
significant decrease upon interaction with DMPC liposomes in water and 
ABC buffer, but an increase in PBS (Fig. 4A–C, Table S2, SI). Unfortu-
nately, conventional anisotropy measurements (Fig. 3D–F) were not 
useful or descriptive because of three factors: the significant amounts of 
free HSA in solution, spectral changes in HSA emission, and scattered 
light induced IFE. 

These differences were due to different interaction mechanisms 
(unstable disruption for water, surface binding and penetration for ABC 
buffer, and non penetrating protein layer formation for PBS) modulated 
by the different ionic compositions. Simple geometrical calculations 
(Table 1), ignoring packing constraints, and structural changes in pro-
tein and liposome, indicate that between 1000 and 8000 HSA molecules 
are required to form a complete monolayer (Table S1, SI). This depended 
on whether HSA binds end-on, or side-on [71], or as a combination of 
both. HSA:liposome ratios were always > 800:1 and this, along with DLS 
measurements which showed size increases, suggested that we obtained 
protein layers in buffers but likely with incomplete coverage [10,72]. 
For PBS, where HSA was not observed to penetrate the bilayer, the in-
crease in size was ~ 48 nm (ΔZavg) which was more than twice that 
expected for a liposome with a uniform HSA monolayer. The larger than 
expected increase in size and polydispersity was probably due to the 
formation of larger protein-liposome aggregates [73]. Since neither 
emission nor lifetime changes very significantly in PBS we suggest that 
HSA appears to remain more in an aqueous like phase, lying flat on the 
particle surface rather than penetrating the lipid bilayer [74]. 

The blue-shifted HSA emission (and PARAFAC scores, vide infra) with 
DMPC in water and ABC buffer, suggested that for a significant popu-
lation of HSA molecules the Trp-214 fluorophore was now located in a 
more hydrophobic environment. This might mean that for the liposomes 
in water and ABC buffer that HSA had penetrated the bilayer (and 
possibly undergone some degree of structural change), changing the 
local environment sufficiently to affect emission [75,76]. In ABC buffer, 
Z-average increased by ~ 9 nm which was compatible with slight 
swelling of the membrane caused by penetration. A uniform, 
non-penetrating monolayer should result in an increase of ~ 18 nm. It 
was likely that there were multiple types of particle present (as seen by 
DLS) which would include liposomes with protein coatings, that could 
contain both penetrating and non-penetrating proteins, and also larger 
liposomes/liposome-protein aggregates. Finally, in water where there 
was extensive disruption and a wide distribution of particle sizes 
generated, we also observed significant, blue-shifted emission caused by 
a changed HSA environment. The penetration and disruption of lipo-
somes in water by HSA is supported by previous findings in which HSA 
was reported to coat the surface, penetrate [77–79], and deform the 
lipid bilayer [10,80,81]. The exact nature of the HSA-lipid/liposome 
complexes or aggregates requires further investigation, which necessi-
tates the use of tools to measure the population distribution of the 
samples which is not feasible with DLS. 

2D spectra and anisotropy of Dil and DiD emission, collected from 
samples after incubation, showed very little change with protein con-
centration (Fig. S10/S11). For ruptured vesicles which do not reform, 
lower FRET efficiencies should be observed, as was observed when li-
posomes were solubilized by detergents [47,48]. For PBS, all evidence 

Table 1 
(top-half of table): Average particle size (Z-average, nm), approximate number 
of lipid molecules per liposome, and surface area per liposome (calculated from 
Z-average), peak 1 size (nm), polydispersity index (PDI), and percentage area 
calculated from scatter intensity of peak 1 (%) of samples containing liposomes 
only; (middle) Size and surface area data and maximum number of HSA per 
liposome monolayer (calculated from surface areas), for HSA only samples; 
(bottom) Size data for liposome samples incubated with 2 mg/ml HSA in water, 
ABC buffer, and PBS.   

Water ABC PBS 

Liposome only samples: 
Z-average (diameter, nm) 137.8 (± 1.4) 161.6 

(± 3.0) 
166.3 
(± 1.5) 

Liposome surface area (nm2) ~ 59,625 ~ 82,041 ~ 86,882 
Approx. no. lipids per liposome 

[49] 
~ 156,210 ~ 217,132 ~ 230,347 

Peak 1,diameter (nm) 162.1 (± 2.7) 188.6 
(± 5.8) 

197.8 
(± 2.1) 

Polydispersity index 0.11 (± 0.01) 0.11 
(± 0.02) 

0.13 
(± 0.03) 

Peak 1 (% area) 100.0 (± 0.0) 100.0 
(± 0.0) 

100.0 
(± 0.0) 

HSA only samples: 
Z-average (diameter) (nm) 7.8 ( ± 0.9) 9.6 ( ± 0.5) 9.5 ( ± 0.2) 
HSA Surface area, circular area 

model from z-avg (πr2), nm2 
~ 47.8 ~ 72.4 ~ 70.9 

Surface area per HSA, side on, 
nm2. 

~ 44.8 ~ 44.8 ~ 44.8 

Surface area per HSA, end on, 
nm2. 

~ 14.4 ~ 14.4 ~ 14.4 

Max no. HSA per monolayer 
(~circular area model) 

~ 1247 ~ 1133 ~ 1225 

Max no. HSA per monolayer 
(side-on) 

~1333 ~ 1833 ~ 1942 

Max no. HSA per monolayer 
(end-on)) 

~4141 ~ 5697 ~ 5995 

Peak 1 (diameter) (nm) 5.8 (± 0.41) 9.5 (± 0.19) 9.8 (± 0.2) 
Polydispersity index 0.32 (± 0.05) 0.25 

(± 0.02) 
0.26 
(± 0.02) 

Peak 1 (% area) 73.9 (± 1.0) 87.8 (± 3.6) 90.2 (± 1.9) 
HSA/Liposome complexes (2 mg/ml): 
Z-average (nm) 2983 (± 4077) 

Not reliable 
170.0 
(± 40.3) 

214.5 
(± 75.6) 

Peak 1 (nm) 137 (± 90) 
Not reliable / 

233.3 
(± 80.1) 

258.1 
(± 105.1) 

Polydispersity index 0.65 (± 0.32) 
Not reliable 

0.24 
(± 0.08) 

0.29 
(± 0.05) 

Peak 1 (% area) 91.6 (± 7.3) 
Not reliable 

100.0 
(± 0.0) 

100.0 
(± 0.0)  
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points to formation of a non-penetrating protein layer, with an unper-
turbed lipid bilayer, and no FRET change is expected or observed. For 
water, this, and other results, suggest that liposomes ruptured and 
reformed over the ~3-hour incubation time, whereas for ABC buffer, 
bilayer penetration was insufficient to cause significant disruption and 
thus change FRET [13,82]. As previously observed [34], calculated 
FRET efficiencies (Fig. S12) were higher for perpendicularly polarized 

measurements, which can be due to a combination of higher sensitivity 
to the depolarized emission arising from the indirect excitation via 
FRET, minimization of residual light scatter contamination, and reduced 
secondary IFE from emission scatter. Overall, the use of the Dil/DiD 
extrinsic fluorophores did not provide much useful information about 
protein-liposome interactions here. 

Generally the insertion of Trp fluorophores into a more hydrophobic 

Fig. 1. DLS measurements of HSA-liposome 
mixtures. (A–C), DLS intensity based DLS dis-
tributions for 0.13 mg/ml HSA with liposomes 
in water (blue), ABC buffer (grey), and PBS 
(red)). (D–F), DLS volume based DLS distribu-
tions for the same samples in water (blue), ABC 
buffer (grey), and PBS (red)). (G and H), 
Changes in average particle size (Z-avg.), peak 
1, and PDI of liposomes after addition of vary-
ing concentrations of HSA (0–2 mg/ml). See SI 
for DLS spectra of the liposome only (Fig. S5) 
and HSA (Fig. S6) only control samples.   

Fig. 2. MCR resolution of absorbance spectra from HSA-liposome mixtures showing: (A) The two components used which correspond to HSA absorbance (with some 
residual scatter at longer wavelengths) and light scattered from the DMPC liposomes, and: (B) The corresponding recovered MCR scores of these components in 
water, ABC, and PBS buffers, with HSA absorption showing a linear behavior with increasing concentration. 
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environment is accompanied by an increase in quantum yield [46]. 
However, here for water and ABC there was a large decrease in average 
lifetime (Fig. 4A–B, Table S2, SI) which suggests that HSA partially 
unfolds, exposing the Trp-214 residue [75,83]. This was observed pre-
viously for HSA interaction with DPPC liposomes [84]. In contrast, for 
PBS, lifetime was nearly constant indicating again that HSA remained in 
a similar physicochemical environment to the buffer and did not pene-
trate (Fig. 4C). The small lifetime increase was probably mostly due to 
reduced rotational mobility on surface binding [46,85,86], but there 
may also be a contribution from an increased local refractive index [87]. 

3.4. Principal component analysis 

PCA (Fig. 5) was first used to identify different interaction mecha-
nisms and assess the degree and type of emission variance. This was 
done using minimally corrected (i.e., blank subtracted and g-factor 

corrected) TSFS data (Fig. S13, SI) to also check for outliers, and light 
scatter effects on sample separation. Three PCs were required in all cases 
(Table S6, Fig. S14, SI) with PC1 and PC2 typically accounting for 
~ 99.8% of the explained variance with PC3 accounting for < 0.1% in 
all cases. The PCA global model showed that PC1 accounted for ~ 99.2% 
of variance and was due to increasing HSA emission intensity as the 
concentration increases. PC2 accounted for ~0.6% of variance and 
appeared to represent emission spectral shifts. The similar PC1/PC2 
trajectories, and high degree of sample spread for water and ABC sam-
ples suggested similar types of interaction processes whereas for PBS, 
there was much less PC2 variance and scatter in the plot which was clear 
evidence for a different interaction mechanism. 

PCA analysis of the sub-models (water, ABC, and PBS, n = 36 each), 
showed similar loadings and PC1 and PC2 relationship for water and 
ABC, indicating that they behaved similarly. For PBS, PC2 was insig-
nificant (~0.1%), as no significant spectral shift was present, indicating 

Fig. 3. (A–C): Fluorescence emission spectra of HSA (λex 280 nm) extracted from the t-EEMT data in: (A) Water, (B) ABC buffer, and (C) PBS, in the absence of 
liposomes (solid lines) and in the presence DMPC liposomes (dashed lines, showing largest shift at the lowest HSA concentration). (D–F): Anisotropy of HSA (λex/em 
280/350 nm) in absence (unfilled circles) and presence of DMPC liposomes (filled circles) at increasing concentrations of HSA in: (D) Water, (E) ABC, and (F) PBS. 

Fig. 4. Intensity average lifetime of HSA measured during the interaction with DMPC in: (A) water, (B) ABC, and (C) PBS. The lifetime of free HSA in each buffer is 
shown by the unfilled markers in each plot. 
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a different, more homogeneous, interaction mechanism (Table S6, 
Fig. S15/S16, SI). PC3 appeared to be related to Trp emission from three 
different excitation wavelengths. There was probably more useful in-
formation in this component, but the large free HSA emission contri-
bution present prevented accurate interpretation. It was noticeable that 
minimal scattered excitation light contribution (Fig. S13, SI) was 
observed in the TSFS⟘ spectra, which confirmed the selected measure-
ment parameters were appropriate for this type of sample and particle 
size range. However, the effect of increased Mie scatter in the forward 
direction from ~ 150 nm and greater sized liposome manifests itself by 
the disappearance of the Raman band in the spectrum of the liposome 
only samples. 

3.5. ARMES 

Conventional spectroscopic and PCA analysis allowed investigation 
of the HSA-DMPC interaction using the overall fluorescence emission via 
shifts in emission and changes in the emission intensity. Anisotropy of 
the liposome-protein complexes however could not be measured accu-
rately using conventional spectroscopy because of the unbound HSA 
emission signal and light scattering effects (Fig. 3D–F). However, by 
using ARMES via PARAFAC analysis, individual emission contributions 
might be resolved, and anisotropy data could be extracted for the indi-
vidual components of the fluorescence emission. Intrinsic HSA fluores-
cence emission comprises of multiple contributions [46,88], and in the 
presence of liposomes, this becomes more complex with there being 
three potential HSA species present (free, surface bound, and pene-
trating) and here we aimed to use PARAFAC to try and resolve these 
components. 

Changes in 3D intrinsic HSA emission with varying HSA/DMPC 
molar ratios were evaluated in each polarization dataset by PARAFAC. 
PARAFAC models were created using a global dataset containing all 
samples, n = 99, (Table S7, SI) and three sub-models were created for 
water, ABC buffer, and PBS, and the different polarizations, n = 33 for 

each model (Fig. 6, Table 2). The best models were those using 
perpendicular polarized spectra as this should be minimally impacted by 
residual scattered light and thus only be based on fluorescence signal 
changes. For PBS (Fig. 6C–F), only one PARAFAC component was 
required (PaC1, λex/em = 278/352 nm, > 99% explained variance) 
which correlated with HSA concentration. We contend that this is due to 
two factors: 1). that there is no lipid bilayer penetration to generate a 
large spectral change, and 2). There was a significant amount of free, 
unbound HSA present. PARAFAC with this type of data lacked the 
sensitivity to resolve the very small spectral changes induced by HSA 
adsorption onto liposome surfaces. A two-component model for PBS was 
also evaluated (Fig. S19C/F, Table S8, SI) but this was not significantly 
better than the one component model. However, in the case of water and 
ABC buffer, PARAFAC recovered two components for each polarization 
mode (Fig. 6, Table 2). PARAFAC component 1 (PaC1, ~ 42–65% 
explained variance) appears to correspond to a combination of blue- 
shifted Trp-214 and tyrosine emission associated with HSA penetra-
tion into the lipid bilayer [84]. Component 2 (PaC2, ~ 40–59% 
explained variance) was related to emission from non-interacting, or 
surface bound HSA, which shows a more linear relationship with HSA 
concentration (Table 2, Fig. 6D–E). Plotting the component score ratio 
versus HSA concentration also shows these different interaction mech-
anisms (Fig. S18/S20, SI). The high PaC1 scores in water and ABC buffer 
prove that there is a significant population of interacting HSA, which 
suggests an end-on interaction based on the requirements for monolayer 
coverage and the protein-liposome ratios used (Table 1). 

t-EEM⟘ measurements appear to be more sensitive towards the 
interacting HSA population (PaC1) with ~ 11.6–18.0% more variance 
explained by this component (53 and 60 for water and ABC buffer 
respectively) compared to 41.5% and 42% for the t-EEM║ model. This is 
due to two factors, one the better elimination of residual Mie scatter and 
IFE in the perpendicular polarization measurements, and second, 
increased HSA emission depolarization upon penetration of the lipo-
some bilayer [10, 89]. One would expect PaC1 scores to reach a 

Fig. 5. (A) PC1 vs. PC2 scores plots from three component PCA model using t-EEMT data with all samples (n = 108). Liposome and HSA only samples are circled. The 
different markers correspond to the replicate measurements for each aqueous medium with markers of the same color corresponding to liposome samples made from 
a single extrusion. (B–D) Show the PC 1–3 loadings (R-L). 
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maximum value (at a specific HSA concentration) and then decrease 
relative to PaC2 scores with increasing HSA concentration if only 
monolayers were formed. PaC2 scores increased linearly with protein 
concentration (r2 > 0.99) as expected whereas the PaC1 scores were 
curved and plateaued at much higher protein concentrations, predicted 
to be > 30 mg/ml, (Fig. 6G–I). However, at higher HSA concentrations 
primary IFE becomes more of an issue and thus predicted concentrations 
are less reliable. For the HSA concentration range used, the correlation 
between scores and true concentration is also affected by quantum yield, 

quenching, IFE, and other photophysical processes. As we have seen, 
both spectral shifts and lifetime changes, so we cannot then use scores to 
determine accurate concentrations of bound/unbound HSA. That re-
quires further study and purification of protein-liposome complexes and 
implementation of better IFE correction, unfortunately for intrinsic 
emission this is not feasible with the protein concentrations used 
because of high absorbance below 300 nm. 

HSA anisotropy at 280/350 nm (λex/em), in all solutions were nearly 
identical (Fig. 3D–F) and in PBS, PaC1 anisotropy was similar (Fig. S21, 

Fig. 6. PARAFAC components resolved from sub-models (n = 33) using t-EEM⊥ spectra of: (A) water (2), (B) ABC buffer (2), and (C) PBS (1). Resolved spectra are 
from a [HSA] = 0.8 mg/ml concentration. PARAFAC scores resolved for PaC1 (and PaC2) in: (D) water, (E) ABC, and (F) PBS. Results of Hill fitting [90] the PaC1 
scores in: (G) water, (H) ABC, and (I) PBS. See Fig. S17, SI, for the t-EEMT model. 

Table 2 
Comparison of model parameters and components obtained for PARAFAC modeling of HSA-liposome samples according to measurement polarization for the buffer 
specific models (n = 33 in each case).  

Polarization mode t-EEM║ t-EEM⟘ t-EEMT t-EEM║ t-EEM⟘ t-EEMT t-EEM║ t-EEM⟘ t-EEMT  

Water ABC buffer PBS 

PaC1 
λex/em (nm) 

280/320a 280/324 278/320 280/318a 280/326 280/322 282/344 280/352 280/352 

PaC1 
Fit model (%) 

41.5a 53.1 51.9 42.6a 60.0 65.2 100.0 100.0 100.0 

PaC2 
λex/em (nm) 

286/354a 286/358 284/358 286/358a 284/356 282/356 – – – 

PaC2 
Fit model (%) 

58.6a 46.9 48.1 57.4a 40.0 43.1 – – – 

Variance 
explained (%) 

99.9 99.9 100.0 99.9 100.0 99.9 99.6 99.8 99.8 

CONCORDIA (%) 99.2 99.9 100.0 96.1 100.0 99.9 100.0 100.0 100.0 
Split-half 

analysis (%) 
98.7 97.7 99.2 94.1 91.2 93.4 100.0 100.0 100.0  

a For these models, the component order was inverted in the model output. 
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SI), and this was expected because of the unbound HSA obscuring 
anisotropy changes due to protein adsorption. However, anisotropy 
calculated from the PARAFAC resolved HSA components in water and 
ABC, showed significant differences upon interaction with liposomes. 
PaC1 calculated anisotropies (at the component max emission) were 
significantly lower (0.08–0.04 in water, 0.09–0.05 in ABC) than the 
PaC2 values (~0.11–0.13 and ~0.15–0.16) which were higher than for 
free HSA. Here, PaC1 refers to the bound fraction of HSA (blue shifted 
emission), and thus the lower anisotropy was not expected. The PaC2 
component refers to a mixture of free and surface adsorbed HSA. 
However, this is a very complex photophysical system and these ob-
servations can be explained as arising from multiple factors. First, the 
large photophysical changes experienced by HSA on incorporation into 
the bilayer mean that comparing PaC1 anisotropy values with free HSA 
is not appropriate (they are essentially photophysically and structurally 
different molecules). Furthermore, changes in Tyr-to-Trp FRET pro-
cesses will also cause anisotropy changes. Second, radiative energy 
transfer from PaC1 to PaC2 (particularly since there is excess free HSA) 
can significantly reduce anisotropy. Third, light losses due to scatter 
(both primary and secondary) caused by the liposomes will also reduce 
anisotropy [46]. Finally, secondary scattering IFE (i.e., of the emission) 
is very different for the parallel and perpendicularly polarized TSFS 
measurements for this particle size range, making it nearly impossible to 
extract true anisotropy values in a right-angle measurement geometry 
[91]. What these component anisotropy values do confirm is that we 
have resolved two very different populations of HSA species in very 
different environments. To obtain more accurate intrinsic emission an-
isotropies requires purification to remove the free HSA contribution, and 
probably the use of front surface excitation to further reduce the po-
tential for scattered light contamination from the liposomes. 

4. Conclusions 

The experimental goal was to investigate the efficacy of ARMES for 
better monitoring the changes induced by protein interaction with li-
posomes in a HSA/DMPC model compared to conventional methods like 
DLS, absorbance, and fluorescence steady-state and lifetime spectros-
copy. ARMES using PARAFAC of HSA intrinsic emission yielded more 
information about protein-liposome interactions by resolving the 
different fluorescent components (two different populations of HSA) and 
their relative contributions to the emission. Two components were 
extracted for reactions in water and ABC buffer, with component one, 
showing a large hypsochromic emission shift caused by a combination of 
lipid bilayer penetration and probably some degree of protein structure 
modification (making the tryptophan more solvent accessible). The 
second component with minimal spectral changes more resembled free 
HSA in solution. In contrast, for PBS, only one component was resolved, 
and when DLS data were considered, it seems that a non-penetrating 
protein layer (possibly monolayer) was formed with the adsorbed HSA 
emission (and thus structure) being similar to that of free HSA in solu-
tion. Plotting PARAFAC component score ratios clearly discriminated 
between the different interaction modes. If the relative quantum yields 
of both species were known, then one could extract the molar ratio 
between bound and unbound protein [37]. The PARAFAC recovered 
component anisotropies were also different, showing that the resolved 
species were significantly different, however, interpretation of the ab-
solute values is complicated by changing photophysical behavior of the 
interacting HSA. 

In contrast, DLS only reports size changes, and here showed that 
there were dramatically different interaction mechanisms observed in 
water, 50 mM ABC, and 10 mM PBS buffer. In water, where there was 
minimal protein stabilization, liposome disruption by HSA was signifi-
cant (making DLS measurements unreliable), whereas in ABC and PBS 
buffers increased protein stabilization meant that interaction led to 
small, reproducible increases in liposome size and polydispersity. Un-
fortunately, DLS does not provide any direct information about protein 

location, and size measurements became unreliable as the particles be-
comes less monodisperse, making quantitative analysis impossible. 
Absorbance measurements with MCR data analysis, enabled the reso-
lution of light scatter (from the liposomes) and protein absorption 
components, and scores plots supported the DLS observations that there 
were significantly different interaction mechanisms, but gave no explicit 
protein information except concentration. Conventional lifetime and 
fluorescence spectroscopy measurements provided information about 
the changing protein environment, showing clear differences in mech-
anisms. In water and ABC buffer a significant blue-shift, and lower 
average lifetime, was measured indicating protein bilayer penetration. 
In contrast, for PBS no significant blue-shift, and only a small lifetime 
increase was observed, indicating that HSA remained more in an 
aqueous like environment. Fluorescence lifetime measurements how-
ever requires the use of expensive nanosecond resolution instrumenta-
tion which may not be widely available. Using conventional 
fluorescence anisotropy measurements in this type of sample system 
with excess free HSA and strongly scattering liposome particles was not 
feasible [91]. 

In conclusion, ARMES provides a new way for investigating protein- 
liposome interactions that exploits the full intrinsic protein emission 
space and thus avoids the use of extrinsic labels. The use of multivariate 
data analysis (Fig. S3, SI) provided a comprehensive and structured 
framework to extract a variety of useful information (resolving different 
fluorescent species, quantifying their signal contribution, and extracting 
light scatter signals) all of which can be used to discriminate between 
interaction mechanisms. With more modern fluorometers that can run 
absorbance and fluorescence measurements simultaneously [92], 
implementation of multivariate data analysis could be automated 
yielding a fast simple measurement, which would facilitate rapid more 
routine screening of protein-liposome-buffer interactions. Finally, the 
pTSFS measurements and data analysis procedure can be used to iden-
tify the optimal spectral regions which could be used to select simpler 2D 
measurements for faster in-situ monitoring of interaction kinetics. 

To better characterize the protein-liposome complexes at high con-
centrations where IFE is a big issue, does require removal of the excess 
free protein and probably the use of front-surface excitation. This would 
enable more accurate PARAFAC modeling and recovery of more fluo-
rescent components, calculation of correct protein concentrations and 
anisotropies. Nevertheless, for situations like here where we are 
comparing different buffers at the same concentration levels, the ARMES 
method as implemented provides a convenient approach to character-
izing different interactions via a comprehensive analysis of the intrinsic 
protein emission. 
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