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a b s t r a c t

Classification of the category of diabetes is extremely important for clinicians to diagnose and select the
correct treatment plan. Glycosylation, oxidation and other post-translational modifications of membrane
and transmembrane proteins, as well as impairment in cholesterol homeostasis, can alter lipid density,
packing, and interactions of Red blood cells (RBC) plasma membranes in type 1 and type 2 diabetes, thus
varying their membrane micropolarity. This can be estimated, at a submicrometric scale, by determining
the membrane relative permittivity, which is the factor by which the electric field between the charges is
decreased relative to vacuum. Here, we employed a membrane micropolarity sensitive probe to monitor
variations in red blood cells of healthy subjects (n¼16) and patients affected by type 1 (T1DM, n¼10) and
type 2 diabetes mellitus (T2DM, n¼24) to provide a cost-effective and supplementary indicator for
diabetes classification. We find a less polar membrane microenvironment in T2DM patients, and a more
polar membrane microenvironment in T1DM patients compared to control healthy patients. The dif-
ferences in micropolarity are statistically significant among the three groups (p<0.01). The role of serum
cholesterol pool in determining these differences was investigated, and other factors potentially altering
the response of the probe were considered in view of developing a clinical assay based on RBC membrane
micropolarity. These preliminary data pave the way for the development of an innovative assay which
could become a tool for diagnosis and progression monitoring of type 1 and type 2 diabetes.
© 2019 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Diabetes mellitus is a chronic metabolic disease caused by
deficiency or diminished effectiveness of endogenous insulin. This
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pathology is on the rise across the globe: according to the Inter-
national Diabetes Federation statistics, it was estimated that the
number of adults with diabetes in the world had increased from
108 million in 1980 to 422 million in 2014. According to the
American Diabetes Association [1], four general categories of dia-
betes mellitus exist: T1DM (due to b-cell destruction, usually
leading to absolute insulin deficiency); T2DM (due to a progressive
insulin secretory defect on the background of insulin resistance);
Gestational diabetes mellitus (diabetes diagnosed in the second or
third trimester of pregnancy that is not clearly overt diabetes);
other specific types of diabetes (due to other causes, e.g., mono-
genic diabetes syndromes, diseases of the exocrine pancreas, and
drug- or chemical-induced diabetes). Among these four types,
T1DM and T2DM represent the most numerous categories (more
than 97% of the diagnoses). Clinically, the category is usually
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determined by tests, such as fasting plasma insulin, insulin
releasing test, C-Peptide test, insulin autoantibodies and islet cell
autoantibodies. Some of these tests are subject to age effects or are
incomplete to diagnose diabetes, and, due to the rising number of
patients needing a diagnosis, a cost-effective and supplementary
indicator for diabetes classification is needed.

In this paper, we propose the determination of red blood cell
membrane micropolarity as a diagnostic indicator of diabetes type.
Membrane micropolarity can be estimated, at a submicrometric
scale, by fluorescent probes able to determine the membrane
relative permittivity, which is the factor by which the electric field
between the charges is decreased relative to vacuum. Membrane
micropolarity depends both on membrane composition and
membrane phase state, which modulates the interaction between
water molecules and membranes giving rise to different structures
of interfacial water from the bulk [2]. Micropolarity can thus be a
superior tool with respect to traditional and expensive lipidomic
tools, because, in addition to composition, integrates also the in-
formation of the physical phase state in its outcome (i.e. liquid-
ordered, liquid-disordered, solid-ordered). Among the factors
modulating membrane micropolarity, glycosylation, oxidation and
other post-translational modifications of membrane and trans-
membrane proteins, as well as impairment in cholesterol homeo-
stasis, can alter lipid density, packing and interactions of Red blood
cells (RBC) plasma membranes. Cholesterol has a huge impact on
membrane structure and phase state because it is found in high
concentrations in animal cell membranes, typical concentrations
being around 20e30mol% and ranging up to 50mol% in RBC [3].
Moreover, it is a donor and acceptor of hydrogen bonds, thus
affecting the interactions of lipid headgroups with water at the
bilayer interface [4e6]. In cells that cannot synthesize lipids on
their own, as RBC, cholesterol exchangewith plasma lipoproteins is,
therefore, one of the main determinants of micropolarity change
[7].

The rationale at the basis of the selection of membrane RBC
micropolarity as a diagnostic indicator for the type of diabetes re-
lies on the fact that the systemic environmental parameters that
alter glycosylation of proteins, oxidation of proteins and mem-
branes, as well as the dynamic flux of cholesterol between mem-
branes and lipoproteins are different in healthy, T1DM and T2DM
subjects [8,9], and are naturally sensed by the physical state of the
RBC water layer membrane [10].

We have already provided evidence that RBC membrane
micropolarity is significantly altered in T1DM and can be an ideal
biomarker for monitoring the development of T1DM complications
[10]. In this article, we retrieve membrane micropolarity maps at
submicrometric scale of erythrocytes of healthy subjects and pa-
tients affected by T1DM and T2DM by using the solvatochromic and
lipophilic probe Laurdan, characterized by a solvent-dependent
emission spectrum [11,12]. In membranes, Laurdan is fluorescent
with at least two excited states: the locally excited state, which is
intrinsic to the fluorophore, and an internal charge transfer state
created by a larger dipole moment. The latter causes the reor-
ientation of the surrounding water molecules to align with the
Laurdan dipole moment. This process consumes the energy of
excited Laurdan molecules so that the frequency of the emitted
photons is decreased, which causes a redshift in the emission
wavelength. This process, referred to as solvent relaxationhttps://
www.sciencedirect.com/science/article/pii/S0006349518310191?
via%3Dihub - bib19, allows a direct measurement of membrane
micropolarity [13]. Depending on the number of the surrounding
water molecules, Laurdan displays a varying degree of solvent
relaxation that can be used to describe the lipid environment in
membranes. RBC membrane micropolarity is quantified with sub-
micrometric resolution by an index called GP, going from �1
(highest membrane micropolarity) to þ1 (lowest membrane
micropolarity) [14]. This index allows distinguishing the effects of
the steady-state flux of phospholipids and cholesterol in these
patients and the environmentally-driven spatial phase re-
organizations. Among the several factors causing membrane
micropolarity variations, the role of the cholesterol pool in deter-
mining these variations is deeply investigated. This study, relying
on the fact that worldwide from 90 to 95% of diagnosed cases of
diabetes are type 2 diabetes, constitutes a significant broadening of
the scope of this innovative assay which could become a tool for
diagnosis and progression monitoring not only of type one but also
of type 2 diabetes.

2. Methods

2.1. Sample preparation and selection and determination of plasma
lipoprotein distribution

Samples of human RBC are prepared as reported previously [10],
seeded on a multi-well plate and directly visualized on the mi-
croscope. The determination of blood analytes was performed by
ADVIA-Chemistry Cholesterol_2, ADVIA-Chemistry D-HDL and
ADVIA-Chemistry Triglycerides_2 tests on Siemens ADVIa Chem-
istry XPT instrument. LDL concentration were estimated according
to Friedwald formula: LDL ¼ Total cholesterol e (HDL
cholesterol þ Triglycerides/5). To assess the effects of blood lipo-
protein compositions 50 subjects are enrolled: 16 healthy control
(CTRL), 10 subjects with T1DM and 24 subjects with T2DM. For
CTRL group inclusion criteria are the absence of evidence of any
active or chronic disease following a detailed medical and surgical
history, a Body Mass Index (BMI) of 18e30 kg/m2 inclusive, with
bodyweight in the range of 50e100 kg, absence of abnormal values
following a complete physical examination including vital signs,12-
lead ECG, hematology, blood chemistry, serology and urinalysis. For
T1DM group inclusion criteria are the diagnosis of T1DM, age �18
years old. For T2DM group inclusion criteria were the diagnosis of
T2DM. For T2DM group exclusion criteria were the diagnosis of
T1DM, of Maturity-Onset Diabetes of the Young (MODY), of latent
autoimmune diabetes of adults (LADA). For all groups, exclusion
criteria are previous pancreatic surgery or chronic pancreatitis,
medical history of cancer in the last five years prior to the enroll-
ment, presence of any blood dyscrasia causing hemolysis or un-
stable RBC.

T1DM and T2DM patients are under treatment: T1DM patients
are treated with multiple daily injections of insulin or continuous
subcutaneous administration through an insulin pump. T2DM pa-
tients are treated with metformin in combination with lifestyle
modifications. Patients who did not achieve the HbA1C target less
than 7% and do not have atherosclerotic cardiovascular disease or
chronic kidney disease, are related with a combination of metfor-
min and glucose-lowering drugs (sulfonylurea, thiazolidinedione,
dipeptidyl peptidase 4 (DPP-4) inhibitor, SGLT2 inhibitor, GLP-1
receptor agonist), or basal insulin; the choice of which agent to
add is based on drug-specific effects and patient factors.

For patients of all ages with diabetes and atherosclerotic car-
diovascular disease or 10- year atherosclerotic cardiovascular dis-
ease risk >20%, high-intensity statin therapy is added to lifestyle
therapy, to obtain approximately a 50% reduction in low-density
lipoproteins (LDL) cholesterol. For patients who do not tolerate
the intended intensity of statin, the maximally tolerated statin dose
is used.

All research involving human participants have been approved
by the ethical committee of Universit�a Cattolica del Sacro Cuore,
Rome, Italy, and all clinical investigation have been conducted ac-
cording to the principles expressed in the Declaration of Helsinki.

https://www.sciencedirect.com/science/article/pii/S0006349518310191?via%3Dihub
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All patients have provided informed consent for study
participation.
2.2. Membrane micropolarity measurements on RBC

The fluorescence spectrum of the probe Laurdan, which in-
corporates into the lipid phase in the membrane, is correlated to its
physical state. Laurdan’s excited-state relaxation, independent of
the head-group type in phospholipids, is highly sensitive to the
presence and mobility of water molecules within the membrane
bilayer, yielding information on membrane micropolarity by a shift
in its emission spectrum depending on the surrounding lipid phase
state (i.e. bluish in ordered, gel phases and greenish in disordered,
liquid-crystalline phases) [16]. Two-photon infrared excitation
techniques have been successfully applied to detect Laurdan
emission [14,17]. By using this probe, coexisting lipid domains are
characterized based on their distinctive fluorescence spectra and
dual-wavelength ratio measurements, which map changes in the
structure of PM. Cells are imaged with a Nikon A1-MP confocal
microscope (within 1 h from extraction). 1 ml of Laurdan 1mM stock
solution (Molecular Probes, Inc., Eugene, OR, USA) is added per
milliliter of Dulbecco’s Modified Eagle’s Medium (DMEM). For the
determination of GP, cells are acquired with a Nikon A1-MP
confocal microscope equipped with a 2-photon Ti:Sapphire laser
(Mai Tai, Spectra Physics, Newport Beach, CA) producing 80-fs
pulses at a repetition rate of 80MHz. Laurdan intensity images
are recorded simultaneously with emissions in the ranges of
425e475 nm and 500e550 nm and imaging was performed at
37 �C. All images are acquired at 200 nm pixel resolution (60�
objective). Background values are measured and subtracted for
each image, and cells different from RBC, debris or other aggregates
are removed to avoid biases in the analysis. As a normalized ratio of
the intensity at the two emission wavelength regions, the gener-
alized polarization (GP) provides a measure of membrane order(-
high membrane micropolarity, low GP) to green (low membrane
micropolarity, high GP). The GP index (1) is calculated for each pixel
using the two Laurdan intensity images I 425-475 and I 500-550 by
using the program “Ratiometric Image processor”[21]. According to
the GP¼ (I 425-475-G I 500-550)/(I 425-475 þ G I 500-550), G is a cali-
bration factor obtained by measuring laurdan fluorescence in
DMSO as in Ref. [17]. GP index is independent of excitation in-
tensities, probe concentrations, and other artifacts, relying on the
ratiometric properties of the probe [18,19].
2.3. Spectral phasors

Spectral phasor analysis is an analytical method for the analysis
of spectral fluorescence images and lifetime images [20,21]. We use
spectral images acquired at 780 nm excitation with a PML-SPEC 16
GaAsP 16 channel spectral detector (bandwidth 12.5 nm, wave-
length range 408 nme608nm). Excitation at 780 nm induced
negligible autofluorescence, since two-photon excitation of intra-
cellular metabolites is centered at 740 nm. Each pixel in the spectral
image contains the emission spectrum at that pixel. Therefore, an
emission curve is associated with every pixel. The spectral phasor
transformation calculates the normalized Fourier transform of a
given spectrum. For each Fourier harmonic, two coordinates are
calculated: g corresponds to the real part of the Fourier transform
and s corresponds to the imaginary part of the transform. The
equations [19] needed to obtain these values are reported below:
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l in Eqs. (1) and (2) is the emission wavelength, lmin and lmax
indicate the acquisition range, k is the number which identifies the
spectral channel and Iijk is the signal relative to the pixel ij and the k-
th channel. These two numbers, g and s, are used as coordinates in a
scatter plot, the phasor plot. Coincident spectra are projected on the
samepoint,while different spectra are projected ondifferent points.
When an image contains several different spectra, the relative
phasor plot contains a cloud of points scattered throughout the
plane. Selected regions in the phasor plot can be remapped to the
original fluorescence image, thus providing segmentation based on
pixels with similar spectral properties. All the spectral phasors and
the images are analyzed with the freeware software PhasorM [22].
2.4. Fluorescence lifetime microscopy of laurdan emission

FLIM data for RBC are acquired with a Nikon A1-MP confocal
microscope equipped with a 2-photon Ti:Sapphire laser (Mai Tai,
Spectra Physics, Newport Beach, CA) producing 80-fs pulses at a
repetition rate of 80MHz. A PML-SPEC 16 GaAsP (B&H, Germany)
multi-wavelength detector coupled to a SPC-830 TCSPC/FLIM de-
vice (B&H, Germany) is used to collect the decay data. A 60�oil-
immersion objective, 1.2 NA, is used for all experiments. Laurdan
fluorophore is excited at 780 nm. Signals are integrated into the
wavelength region 420e460 nm for the blue channel and
500e560 nm for the green channel. For image acquisition, the pixel
frame size is set to 512� 512 and the pixel dwell timewas 60ms. The
average laser power at the sample is maintained at the mW level.
FLIM acquisitions provide for decay curves, Iij(t), for each pixel.
These are processed by the PhasorM software [22] for the phasor
analysis, exactly as was explained for spectral data and they are
collected and plotted on the so-called phasor plot. The Equations
(3) and (4) used to calculate the g and s coordinates for the lifetime
phasor plot are like the one shown for the spectral data but in this
case, the summation is done on the time channels:
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Parameters in equations (3) and (4) are the same used for
equations (1) and (2), replacing the wavelength with the time t and
considering T as the total period of acquisition which is considered
for the analysis (in our experiments T is equal to 9,8 ns).
2.5. Statistics

Statistical T-tests for sets of biological/biophysical data are
performed by R Studio (https://www.rstudio.com/). Baseline char-
acteristics among groups have been compared with ANOVA for
parametric variables. Data normality was checked graphically by
quartile-quartile plots. A Comparison between groups couple has
been made with Tukey’s Test.
3. Results

3.1. Effect of cholesterol removal on RBC membrane micropolarity:
spectral analysis

To investigate the effect of cholesterol in modulating membrane
micropolarity, we perform cholesterol removal experiments on RBC
of healthy subjects. In Fig. 1A membrane micropolarity maps of
healthy RBC (CTRL) are reported. Each pixel is colored according to
its GP values, in a two-colored scale spanning from red (high
membrane micropolarity, low GP) to green (low membrane
micropolarity, high GP). Since RBC lack interior organelles, laurdan
labels just the plasma membrane (PM), and the measured outcome
corresponds directly to PM micropolarity. Acute cholesterol
Fig. 1. Micropolarity maps of control and cholesterol-depleted RBC. (A) A representative submic
color spans from red (high membrane micropolarity, low GP) to green (low membrane
cholesterol, induces an increase in membrane micropolarity, resulting in a shift of GP distribu
healthy (green) and MbCD-treated (red) RBC is reported in the histogram. Mean value shifts f
the data. (For interpretation of the references to color in this figure legend, the reader is re
depletion by methyl-b-cyclodextrin (MbCD, 10mM, 3h) induces a
PM micropolarity increase (GP decrease), as quantified in the his-
togram of GP values reported along with the images (Fig. 1A).
Average GP shifts from 0.56± 0.01 to 0.49± 0.02 (Fig. 1B, n¼100
RBC per sample, average of n¼5 patients). The membrane micro-
polarity map shows in both cases an anisotropic distribution. It is
possible to observe in the images a reduction in the size of high GP
domains (low polarity) when cholesterol is depleted.

To get further information about the phase state of the mem-
brane, we perform a spectral analysis of laurdan emission. In Fig. 2A
a representative spectrum of laurdan in healthy RBC is reported.
The already observed increase in membrane micropolarity induced
by MbCD (GP decrease), is quantified by the detectable shift in the
emission wavelength towards the green. The spectral analysis
provides more information than the dualchannel analysis. In a two-
channel analysis, several emission spectra can produce the same
outputs (metamers). A multispectral analysis enables the possibil-
ity to resolve these coincident emission profiles providing a more
comprehensive classification of micropolarity domains. The pixel-
resolved Laurdan fluorescence emission spectra can be analyzed
by the spectral phasor analysis method [19,23,24]. The spectral
phasor transformation assigns, through an algorithm, two numbers
at each spectrum in a unique way. These numbers, called g and s,
are used as coordinates in a scatter plot, called the phasor plot
(Fig. 2A and section 2.3). Clockwise rotation on the phasor plot
indicates a shift towards lower wavelengths (high polarity), and
vice-versa. Selected regions in the phasor plot can be remapped to
the original fluorescence image, thus providing a micropolarity
driven segmentation: pixels characterized by a similar micro-
polarity value can be grouped and shown on the image with a
characteristic color scale. In Fig. 2A, pixels selected in the blue re-
gion of interest (ROI) corresponds to the regions with the highest
membrane micropolarity, while the pixels in the red ROI corre-
sponds to the lowest membrane micropolarity. Regions character-
ized by an intermediatemicropolarity value are shown in a pseudo-
colored scale from red to blue (figure look-up table along with the
phasor plot in Fig. 2A). The color-coded regions of interest are
chosen as rectangles, with the shortest sides perpendicular to the
rometric membrane micropolarity map of RBC. According to the GP values, each pixel’s
micropolarity, high GP). Treatment with 10mM methyl-b-cyclodextrin, by depleting
tion towards lower values (scale bar is 10 mm and 7 mm, respectively). (B) Average GP of
rom 0.56 to 0.49 when cholesterol is removed. Error bars indicate standard deviation of
ferred to the Web version of this article.)

https://www.rstudio.com/


Fig. 2. Spectral and lifetime analysis of laurdan emission of control and cholesterol-depleted RBC (A) Spectral analysis of laurdan’s fluorescence. The normalized emission spectrum
of the probe in healthy RBC is reported for control (green) and MbCD-treated (red) RBC, respectively. The red-shift in the emission wavelength as a consequence of the increased
membrane micropolarity, results in a clockwise rotation of the center of mass of the clouds on the phasor plot. The spectral phasor analysis allows a fine polarity driven seg-
mentation for RBC membranes. Pixels selected in the blue ROI corresponds to the regions with the highest membrane micropolarity, while the pixels in the red ROI corresponds to
the lowest membrane micropolarity. Regions characterized by an intermediate micropolarity value are shown in a pseudo-colored scale from red to blue. Figure lookup table is
reported along with the phasor plot. (B) decay curves in the green channel (emission 540/50 nm) of control and cholesterol depleted RBC. Decay curves are analyzed through
lifetime phasor transformation to quantify and visualize changes in viscosity. The phasor distributions integrated for N¼ 100 cells (in each category) show the center of mass of the
phasor that lies outside of the universal circle for the control cells, indicating a non-exponential decay. Upon depletion of cholesterol, the point rotates towards the universal circle.
The lifetime phasor analysis allows a viscosity driven segmentation, from blue (low viscosity) to red (high viscosity). Figure lookup table is reported along with the phasor plot. The
color-coded regions of interest are chosen as rectangles, with the shortest sides perpendicular to the line connecting the center of mass of the clouds in the phasor plot of untreated
and treated cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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line connecting the center of mass of the clouds in the phasor plot
of untreated and treated cells. In RBC the low-polarity regions are
organized in sub-micrometric domains characterized by a high-
packing density. When cells are treated with MbCD, a concomi-
tant decrease of polarity and the packing degree of membranes is
observed.

3.2. Effect of cholesterol removal on RBC membrane micropolarity:
lifetime analysis

In membranes, the solvent relaxation (decrease in GP-increase
in micropolarity), analyzed so far, depends on the number of the
surrounding water molecules, and thus increases with membrane
hydration levels [25,26]. This effect can be also revealed by a
decrease of the fluorescence lifetime due to the enhanced emission
from the relaxed state, which is characterized by a lower lifetime.
Another quantity that can be measured analyzing the fluorescence
decay is the rate of solvent relaxation, obtained frommeasuring the
rate of the spectral shift [27,28]. The speed of solvent relaxation is
related to the rotational mobility of the water molecules within the
membrane and is referred to as membrane microviscosity [25].
When the rate of spectral relaxation is in the picosecond scale, the
temporal resolution of the time-correlated single photon counting
devices is not able to resolve any changes. However, in very viscous
environments the time scale of relaxation can increase up to the
nanosecond time scale. In this context, the change in membrane
polarity due towater hydration from the effects due to viscosity can
be uncovered by analyzing the decay time in the green channel
(emission 540/50 nm) [27,28]. The excited-state decay in the green
channel presents two apparent decays: one is due to the decay of
the standard fluorescence emission from the relaxed state, and the
other is an apparent decay time due to the populating process from
the locally excited state to the relaxed state. The two processes give
rise to a visible non-exponential decay in control cells (Fig. 2B), in
which cholesterol is physiologically present, which becomes again
exponential in the cholesterol-depleted cells. In the latter, we find a
decrease of the apparent lifetimes of the green channel indicating a
less viscous environment and a decrease of the lifetime of the
relaxed state reflecting a more polar environment. To dissect these
two contributions we can use the lifetime phasor transformation to
quantify and visualize changes in viscosity. The phasor lifetime
approach is ideal in this case since changes in decay times can be
quantified without the requirement of an explicit mathematical
model. In a way analogous to the spectral phasor transformation, to
each lifetime decay curve are uniquely assigned two numbers.
These numbers, called g and s, are used as coordinates in a lifetime
phasor plot (2B and section 2.4). If the exponential is a single decay,
the point lies on the universal semi-circle (solid line Fig. 2B). If the
exponential is composed of multiple decays, it lies inside the
exponential circle. If the decay does not fall in the latter categories,
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thus being non-exponential, it falls outside of the universal circle
[21]. The phasor distribution integrated for control cells (n¼100) is
shown for the green channel. The center of mass of the phasor lies
outside of the universal circle for the control cells, indicating a non-
exponential decay. Upon depletion of cholesterol, the point rotates
towards the universal circle. We can thus conclude that in
cholesterol-depleted cells the environment is less viscous. As we
did in the spectral phasor approach, we can select regions in the
phasor plot and remap them to the original fluorescence images,
thus providing a viscosity driven segmentation: pixels character-
ized by a similar viscosity value can be grouped and shown on the
image with a characteristic color scale. The color-coded ROI are
chosen as rectangles, with the shortest sides perpendicular to the
line connecting the center of mass of the clouds in the phasor plot
of untreated and treated cells. From the lifetime images, it is
possible to observe that low polarity domains display also higher
viscosity.
3.3. Membrane micropolarity of RBC from healthy subjects and
T1DM and T2DM patients

Next, we investigated if RBC extracted from healthy, T1DM and
T2DM patients are characterized by different values of
Table 1
Characteristics of the 50 participants. Baseline characteristics among groups have bee
creatinine and LDL-C values. Subjects with diabetes were comparable for glycated hemo

Variable CTRL n¼16 T1DM n¼10 T2DM n¼24

Age (years) 44± 10 42± 10 66± 10
BMI (kg/m2) 23.1± 2.4 21.6± 3.3 26.9± 3.2
HbA1C (mmol/mol) 36± 5 53± 8 59± 15
Total cholesterol (mg/dl) 180± 48 189± 33 146± 42
HDL-C (mg/dl) 56± 9 74± 15 42± 12
LDL-C (mg/dl) 107± 43 101± 25 87± 30
Tryglicerides (mg/dl) 78± 33 67± 53 131± 61
Creatinine (mg/dl) 0.87± 0.12 0.66± 0.10 1.12± 0.51
GP 0.601± 0.017 0.558± 0.019 0.636± 0.039

Fig. 3. Micropolarity maps of healthy, T1DM and T2DM RBC (A) Submicrometric phase state
GP values, in a two-colored scale spanning from red (high polarity, low GP) to green (low pol
three populations under observation (** stands for p <0.01; *** stands for p<0.001). The dou
(For interpretation of the references to color in this figure legend, the reader is referred to
micropolarity. Baseline characteristics among groups have been
compared with ANOVA for parametric variables (Table 1). Subjects
are comparable for creatinine and low-density lipoprotein choles-
terol (LDL-C) values. Subjects with diabetes are comparable for
glycated hemoglobin (Table 1). Submicrometric phase state map of
healthy, T1DM and T2DM RBC are reported (Fig. 3A). Each pixel is
colored, according to its GP values, in a scale spanning from red
(high polarity, low GP) to green (low polarity high GP). It is possible
to observe from the images that there is a decrease in GP going from
T2DM patients, through control, to T1DM patients, reflecting the
decrease in the extent of low micropolarity domains regions. In
Fig. 3B the box plot shows significant differences among the GP
values of the three populations under observation (p values re-
ported in the box plot). To explore the potential effects of selected
covariates, intra-Group correlation plots were realized between GP
values and Age, Sex, body mass index(BMI), Glycated Haemoglobin
(HbA1C), lipid values. From this analysis, a significant (p<0.05) ef-
fect of the covariates was excluded for the samples under analysis
(Fig. S1), thus additional adjustments are not performed. The
double box plot of Fig. 3B shows GP average values in each group
decreasing with increasing high-density lipoprotein cholesterol
(HDL-C) average values, suggesting that the GP value is related to
RBC cholesterol content.
n compared with ANOVA for parametric variables. Subjects were comparable for
globin(* stands for p<0.05; **p<0.01; ***p<0.001).

Fisher Tukey CTRL-T1DM Tukey CTRL-T2DM Tukey T1DM-T2DM

1.40 10-9 0.83 1 10-7 (***) 2 10-7(***)
4.73 10-4 0.57 0.022(*) 5 10-4(***)
3.98 10-7 0.0014(**) 2 10-6(***) 0.325
0.0123 0.87 0.049(*) 0.03(*)
1.23 10-7 0.0016(**) 0.007(**) 1 10-7(***)
0.21 0.91 0.2 0.51
2.35 10-3 0.87 0.013(*) 0.008(**)
0.09 0.91 0.19 0.12
4.62E-08 0.002(**) 0.002(**) >1 10-7(***)

map of healthy, T1DM and T2DM RBC are reported. Each pixel is colored according to its
arity high GP). (B) The box plot shows significant differences among the GP values of the
ble box plot shows GP average values in each group plotted versus HDL average values.
the Web version of this article.)



Fig. 4. Spectral analysis of laurdan emission of healthy, T1DM and T2DM RBC (A) spectra of laurdan in healthy, T1DM and T2DM RBC. The already observed increase in envi-
ronmental membrane micropolarity (GP decrease), is detectable by the shift in the red-shifted emission. (B) Spectral phasor analysis method. The pixels selected in the blue ROI
corresponds to the regions with the lowest membrane micropolarity, while the pixels in the red ROI corresponds to the highest membrane micropolarity. Regions characterized by
an intermediate micropolarity value are shown in a pseudo-colored scale from red to blue (figure lookup table along with the phasor plot). The color-coded regions of interest are
chosen as rectangles, with the shortest sides perpendicular to the line connecting the center of mass of the clouds in the phasor plot of untreated and treated cells. (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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In Fig. 4A the spectra of laurdan in healthy, T1DM and T2DMRBC
are reported. The already observed increase in environmental
membrane micropolarity (GP decrease), is detectable by the shift in
the emission wavelength towards the green. As done with the
cholesterol depletion experiment, laurdan fluorescence emission
spectrum, registered with pixel resolution, can be further analyzed
by the spectral phasor analysis method [19,23,24]. In Fig. 4B, pixels
selected in the blue ROI corresponds to the regions with the lowest
membrane micropolarity, while the pixels in the red ROI corre-
sponds to the highest membrane micropolarity. Regions charac-
terized by an intermediate micropolarity value are shown in a
pseudo-colored scale from red to blue (figure look-up table along
with the phasor plot in Fig. 4B). The color-coded regions of interest
are chosen as rectangles, with the shortest sides perpendicular to
the line connecting the center of mass of the clouds in the phasor
plot of untreated and treated cells. From the phasor-segmented
images, it is again evident the presence of highly packed regions
in T2DM patients. These regions decrease in number in CTRL and
are almost absent in T1DM. Again, the low-polarity regions are
organized in domains characterized by a high-packing density. The
opposite trend in both quantities can conversely be observed in
T2DM RBC.

3.4. Membrane microviscosity of RBC from healthy subjects and
T1DM and T2DM patients

To investigate the viscosity effects, we analyze the green chan-
nel decay time in the three groups (Fig. 5A).With respect to control,
T1DM RBC present a decrease of the apparent lifetime of the green
channel indicating a less viscous environment and a decrease of the
lifetime of the relaxed state indicating a more polar environment.
On the contrary, T2DM RBC present an augmented contribution of
the non-exponential decay in control cells. To dissect these two
contributions we can use the lifetime phasor transformation (sec-
tion 3.2). The phasor distribution integrated for N¼ 90 cells (in
each category) shows the center of mass of the phasor that lies
outside of the universal circle for the control cells, indicating a non-
exponential decay. In T1DM patients, the point rotates towards the
universal circle. T2DM RBC are characterized by a non-exponential
decay indicating a more viscous environment with respect to
control cells. We select regions in the phasor plot and remap them
to the original fluorescence images, thus providing a viscosity
driven segmentation: pixels characterized by a similar viscosity
value can be grouped and shown on the image with a characteristic
color scale. The color-coded regions of interest are chosen as rect-
angles, with the shortest sides perpendicular to the line connecting
the center of mass of the clouds in the phasor plot of untreated and
treated cells. From the lifetime images it is possible to observe that
high lipid packing domains, characterized by low polarity, display
also high viscosity, and they progressively disappear in going from
T2DM, through CTRL to T1DM.

4. Discussion

In this article we proposed RBC membrane micropolarity as a
diagnostic classifier for distinguish between the two main types of
diabetes. We have found a less polar, more viscous membrane
microenvironment organized in sub-micrometric domains in T2DM
patients, and a more polar, less viscous membrane microenviron-
ment in T1DM patients and in cholesterol depletion experiment
compared to control healthy patients.

We have observed how cholesterol has a role in the variation in
micropolarity and microviscosity. Membrane micropolarity values
depend on lipid structure, packing, and composition, and increases
with membrane hydration levels [25,26]. We have shown how the
short cholesterol molecules alter the phase state of the RBC
membrane, by filling these spaces between neighboring phospho-
lipids, making the plasma membrane less flexible, as well as less
permeable, thus effectively dewetting the intermembrane spaces
[29]. At a molecular level, experimental results show that there are
about five tightly hydrogen-bonded water molecules with the ox-
ygen atoms per phospholipid molecule in PC [30,31], and choles-
terol affects these interactions [4e6]. The cholesterol hydroxyl
group can act both as hydrogen bond donor and acceptor, and can



Fig. 5. Lifetime analysis of laurdan emission of healthy, T1DM and T2DM RBC (A) decay curves in the green channel emission(540/50 nm) for healthy, T1DM and T2DM RBC. The
corresponding Lifetime phasor transformation allows us to quantify and visualize changes in viscosity. The phasor distribution integrated for N¼ 90 cells (in each category) shows
the center of mass of the phasor that lies outside of the universal circle for the control cells, indicating a non-exponential decay. In T1DM patients, the point rotates towards the
universal circle, while T2DM RBC moves away from the universal circle. This shift indicates a more viscous environment with respect to control cells. (B)Viscosity driven seg-
mentations of RBC cells. Segmentations are colored from blue (low viscosity) to red (high viscosity). Figure lookup table is reported along with the phasor plot. The color-coded
regions of interest are chosen as rectangles, with the shortest sides perpendicular to the line connecting the center of mass of the clouds in the phasor plot of untreated and
treated cells. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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also participate in charge pairing. That gives cholesterol the
versatility to form numerous different types of bonds in the inter-
facial region. In molecular dynamics (MD) and NMR studies on
model membranes of DPPC [5] and DMPC [32,33], it is shown that
cholesterol prefers interactions with DPPC rather than water. The
overall decrease of the extent of hydrogen-bondedwatermolecules
with phospholipids ultimately explains the decrease in micro-
polarity we have observed in fluorescence lifetime measurements.

Along with micropolarity, we have analyzed membrane micro-
viscosity, which depends on the rotational diffusional processes,
and it is strongly linked to the water-membrane interaction extent.
The reduction of microviscosity upon cholesterol depletion can be
also ascribed to cholesterol, affecting the interactions of water
molecules at the bilayer interface [4e6] Indeed it is shown in in MD
experiments on model membranes [34,35,36,37] that cholesterol is
capable of forming “water bridges” [6], which are indirect, water-
mediated lipidelipid interactions. These interactions can form H-
bond networks at the membrane interface [37], which can help to
stabilize the membrane structure similar to structural water in
proteins [36]. The lifetime of these water bridges is of the order of
500 ps [4], which is an order of magnitude higher than the lifetime
of cholesterol-carbonyl oxygen in the DMPC-Chol bilayer (70 ps), or
to that of cholesterol-water (~40 ps) [4]. According to these ob-
servations, the increase in microviscosity observed in presence of
cholesterol can be due to the formation of water bridges, whose
interaction lifetime is in agreement with the observed delay in the
fluorescence lifetime of the excited state of laurdan which lasts for
~1000 ps (see the first exponential decay in Fig. 5A). Conversely, the
estimated lifetime increase due to Chol-water/Cholesterol phos-
pholipid interaction would be too small to be revealed with our
experimental setup.

Based on these observations, we hypothesize that micropolarity
and microviscosity are affected by the pathologic alterations of
cholesterol homeostasis occurring in T1DM and T2DM. RBCs,
devoid of lipoprotein receptors, exchange cholesterol and phos-
pholipid exclusively by the free diffusion pathway [38]. Cholesterol
exchanges freely between RBC, plasma, circulating lipoproteins,
and cells [39]. Moreover, RBC may participate in the transport of
cholesterol from tissues to the liver [40]. Approximately 50% of
circulating cholesterol is carried in RBC membranes and tracer
studies in humans indicate that the magnitude of the cholesterol
flux through RBC is comparable to the total efflux of free cholesterol
from tissues [41]. The steady-state level of cholesterol available for
free exchange, therefore, alter the physical state of blood cell
membranes, varying the hydration and the structure of bound
water layer. A further indication of the role of cholesterol efflux can
be found in the negative correlation of micropolarity with HDL-C
content (Fig. 3B): the free cholesterol efflux from cells to HDL in
the extracellular medium is promoted by metabolic trapping in
which the return of released cholesterol to the cell is prevented by
esterificationwhen lecithin-cholesterol acyltransferase acts on HDL
[42].

In this view, the steady-state level of cholesterol available for
free exchange with RBC is altered and thus sensed at a different
extent in T1DM and T2DM: patients with diabetes present lipid
disorders, which are in general distinct for the T1DM, resulting
from the pancreas’ failure to produce enough insulin, and T2DM,
which begins with insulin resistance, a condition in which cells fail
to respond to insulin properly [43]. Specifically, several qualitative
abnormalities of lipoproteins, which are potentially atherogenic,
are observed in patients with T1DM, even in those with good
metabolic control. These abnormalities include increased
cholesterol-to-triglyceride ratios within very low-density Lipo-
proteins (VLDL), increased triglycerides in LDL and HDL, composi-
tional changes in the peripheral layer of lipoproteins, glycation of
apolipoproteins, increased oxidation of LDL and an increase in
small, dense LDL particles [44,45]. On the contrary, patients with
T2DM could have dyslipidemia at varying degrees, characterized by
increased levels of triglycerides and decreased serum HDL-C
[45,46]. It should, however, be noted that the classification effi-
ciency of the assay may be ascribed to other factors than choles-
terol: in principle, also phospholipid transfer between lipoproteins
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and RBC may play a role in altering the water structure at the
membrane-water interface. However, the halftime of free transfer
of cholesterol at 37 �C is ~2h, while the one of dipalmitoylphos-
phocoline (DPPC) is ~83 h. The fact that the rate of transfer of this
phospholipid is 2.5% with respect of cholesterol furnishes an indi-
cation that, among the transferred lipids, cholesterol can be amajor
determinant in the observed variations [47,48]. As already pointed
out in Ref. [10], in this diagnostic system, the output is the variation
in micropolarity, and the biophysical process connecting input and
output consists in a network of systemic effects related to the
chronic hyperglycemia, oxidative stress and metabolic alterations
triggered by the systemic state (glyco-oxidation), rather than the
glycosylation of a single protein (as in the traditional HbA1C assay).
These conditions are a source of permanent, cumulative damage to
RBC membranes in diabetes, integrated over an average period of
three months. Indeed, RBC are uniquely vulnerable to these effects,
due to their inability to synthesize new proteins and degrade
altered, non-functional proteins. Glycosylation and oxidation,
expression of the systemic state, and therapy-dependent mem-
brane remodeling lead, throughout the outlined integrated
network, to RBC micropolarity variation in different ways for T1DM
and T2DM. The significant differences among the selected groups
can be explained by the potential of membrane polarity of RBC to
integrate the different systemic effects of T1DM and T2DMon blood
serum. Single, more specific blood values, representing only the
presence of a particular protein or metabolite, cannot discriminate
by themselves with enough significance among the different dis-
eases. The main limit of this work is the small sample size, and the
validation of the approach on a larger population is necessary.
However, this investigation paves the possibility for the use of the
RBC micropolarity assay in diagnostics, in assessing the response to
therapies and in fully describing the progression of T1DM and
T2DM, complementing HbA1c in defining the quality of long-term
management of diabetes [10,49].
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