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ABSTRACT. Significance: Wide-field measurements of time-resolved fluorescence anisotropy
(TR-FA) provide pixel-by-pixel information about the rotational mobility of fluoro-
phores, reflecting changes in the local microviscosity and other factors influencing
the fluorophore’s diffusional motion. These features offer promising potential in
many research fields, including cellular imaging and biochemical sensing, as
demonstrated by previous works. Nevertheless, 6 imaging is still rarely investigated
in general and in carbon dots (CDs) in particular.

Aim: To extend existing frequency domain (FD) fluorescence lifetime (FLT) imaging
microscopy (FLIM) to FD TR-FA imaging (TR-FAIM), which produces visual maps of
the FLT and 0, together with the steady-state images of fluorescence intensity (Fl)
and FA (r).

Approach: The proof of concept of the combined FD FLIM/ FD TR-FAIM was vali-
dated on seven fluorescein solutions with increasing viscosities and was applied for
comprehensive study of two types of CD-gold nano conjugates.

Results: The FLT of fluorescein samples was found to decrease from 4.01 + 0.01 to
3.56 + 0.02 ns, whereas both r and 0 were significantly increased from
0.053 +0.012 to 0.252 + 0.003 and 0.15 + 0.05 to 11.25 + 1.87 ns, respectively.
In addition, the attachment of gold to the two CDs resulted in an increase in the
FI due to metal-enhanced fluorescence. Moreover, it resulted in an increase of r
from 0.100 + 0.011 to 0.150 + 0.013 and @ from 0.98 + 0.13 to 1.65 + 0.20 ns for
the first CDs and from 0.280+ 0.008 to 0.310+0.004 and 5.55+ 1.08 to
7.95 + 0.97 ns for the second CDs. These trends are due to the size increase of
the CDs-gold compared to CDs alone. The FLT presented relatively modest
changes in CDs.

Conclusions: Through the combined FD FLIM/ FD TR-FAIM, a large variety of
information can be probed (FI, FLT, r, and ). Nevertheless, 6 was the most ben-
eficial, either by probing the spatial changes in viscosity or by evident variations in
the peak and full width half maximum.
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1 Introduction

Fluorescence lifetime (FLT) imaging microscopy (FLIM) probes changes in the excited state
kinetics of intrinsic or extrinsic fluorophores, which are sensitive to their photophysical proper-
ties and the chemical and physical nature of the molecular environment of the labeled macro-
molecules. Therefore, FLIM is popular for investigating biochemical reactions and molecular
interactions within the cellular environment that are valuable for biological and medical
imaging.'” These include using Forster resonance energy transfer (FRET) to study both protein
interactions and conformational changes as well as using fluorescent molecular rotors to map the
viscosity (yet, generally the FLT is independent of solvent viscosity).>* Furthermore, FLIM is
utilized for mapping the temperature,5 pH,6 refractive index,’ intracellular molecules (e.g., cal-
cium, magnesium, chromatin, myoglobin, and antigens),"3 glucose,8 and oxygenation.9 FLIM
was also used for the identification of chromosomal abnormalities in Leukemias,'® carriers of
BRCA mutations'' and detection of metastatic cells in the cerebrospinal fluid of children with
medulloblastoma.'? Other applications include quantification of the metabolic state in a cell
model of Parkinson’s disease,'® tracking apoptosis and stimulation in individual cells,"* and
studying of fluorophore-conjugated gold nanoparticles (AuNPs) or nanorods in phantoms.'®

If time-resolved fluorescence anisotropy (TR-FA) analysis is integrated with FLIM, infor-
mation about the rotational mobility of the fluorophore and its conjugated biomolecule can effec-
tively be extracted. Changes in the rotational mobility arise readily in cell biology from variations
in local microviscosity or other constraints to the diffusional motion, such as changes in the size,
shape, flexibility, and associative behavior of fluorophore-biomolecule constructs. This can pro-
vide significant insight into the corresponding biomolecular carrier within a cell.'®!”

For spherical rotors, the rotational diffusion of the fluorophore is typically characterized by
the rotational correlation time, @, which can be calculated using the Debye-Stokes-Einstein
hydrodynamic model*

_nv
- RT’
where V is the apparent molecular volume of the rotating molecule, 7 refers to the viscosity of the
solvent, R is the universal gas constant, and T is the temperature. The linear dependence of 6 on
viscosity can be exploited to quantify the viscosity itself and obtain a two-dimensional viscos-
ity map.

Single point steady-state and TR-FA measurements are well established and routinely used
for various applications in many laboratories. These include studying the dynamic properties of
proteins,'® 2" estimating the internal viscosities of membranes,”! performing fluorescence-
polarization immunoassays,’>** probing molecular proximity manifested by hetero- or homo-
FRET assays,”**** and monitoring cellular activities.'*** Nevertheless, since the pioneering
work in rotational correlation time imaging of Siegel et al. in the time domain (TD) (2003)*
and Clayton et al. in the frequency domain (FD) (2002),% only few reports described their exten-
sion into two-dimensional (2D) TR-FA imaging (TR-FAIM) in the TD?*%?-%0 and almost none in
the FD.*! Nonetheless, there are a variety of works that signify the use of FD measurements for
the resolution of fluorescence intensity (FI) and FA decays thus probing cell behavior and mon-
itoring changes in its microenvironment.'®¥?*" Furthermore, the measurement procedures and
the data analysis in the FD method are significantly faster, and hence more suitable for clinical
applications.® In both FD apparatuses,”’! the images at different polarizations are acquired
using two sets of measurements. However, besides the speed limit (which is crucial for high
throughput diagnostic tools), consecutive acquisition is susceptible to inaccuracies that can stem
from temperature variations, photobleaching, movement of the sample between the acquisition of
the two images and biophysical or biochemical changes among other possibilities.

The great potential in performing TR-FAIM in the FD using simultaneous acquisition of the
two polarization component maps directly prompted the present work. Such an integrated system
can offer cellular imaging based on maps of both the FLT and the rotational correlation time,
which are two intrinsic parameters, and hence relatively insensitive to experimental factors (such
as the intensity of the excitation source, detector efficiency, or the fluorophores concentration).
Both may vary according to the local chemical and physical environmental factors and across the
sample under investigation. Moreover, the dependence of rotational correlation time on the
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viscosity and dynamic properties of the tissues**’ can be compared to the dependence of T1
(longitudinal) and T2 (transverse) water or proton relaxation times, which generate the image
contrast in magnetic resonance imaging.'® This implies that TR-FAIM may become a reliable and
powerful diagnostic tool for cellular imaging providing parallel interrogation of several unique
features of complex biological structures. TR-FAIM was previously used in biological imaging
to study bacteria expressing enhanced green fluorescent protein,”’ as well as the molecular self-
assembly in live cells.® In addition, it was used to differentiate between cancerous and normal
prostate tissues areas®” and to measure the hydrodynamic radii of anti-VEGF drugs.*!

Previous studies have illustrated the significant potential of TR-FAIM in various research
areas such as cellular imaging and biochemical sensing.?*>! However, to the best of our knowl-
edge, # imaging has not been explored in carbon dots (CDs).

Since 2004, CDs have attracted great attention and sparked a lot of research.*> CDs have
substantial benefits over conventional organic dyes and classical quantum dots, including high
fluorescence, unique and tunable optical properties, facile synthesis, and superior biocompati-
bility. These features and more make them preferable candidates for drug administration and
bioimaging, photocatalysis, disease detection, and biochemical sensing applications among other
research fields.** AuNPs are attractive because of their non-toxic nature, ease of modification,
biocompatibility, and adjustable optical properties, as well as their large absorption cross-sec-
tion.*> A nanohybrid created by AuNPs and CDs can retain the optical properties of both the
AuNPs and the CDs, it can be employed as a unique nanosized fluorescent material. The near-
field interactions of the CDs and the AuNPs can change the fluorescence wavelength making
CDs-AuNPs (CDs-Au) constructs suitable FLIM probes. In addition, the increasing of the
effective size of the CDs-Au construct relative to the CDs alone makes them favorable for rota-
tional correlation time investigations [Eq. (1)].

We present here a wide-field TR fluorescence imaging system that yields maps of the FI and
FLT as well as maps of the steady state FA (r), rotational correlation time (6), and the funda-
mental FA (r(). This is primarily achieved by incorporating a linear polarizer in the excitation
path and polarized beam splitter (PBS) in the emission path of a wide-field FD FLIM system.
The latter acquires two polarization-resolved images (polarized parallel and perpendicular to the
excitation beam) simultaneously, effectively realizing TR-FAIM. The combined FD FLIM/
TR-FAIM is demonstrated on seven fluorescein solutions with increasing viscosity (achieved
by increasing glycerol concentration between 0% and 80%) and is applied to study two type
of CDs, distinguishable based on the carbon source, each was examined both with and without
a gold attachment.

2 Materials and Methods

2.1 Optical Setup

The instrumental setup for the FD TR-FAIM, as illustrated in Fig. 1, is based on an existing
FD-FLIM technology of Lambert instruments (LIFA, Groningen, The Netherlands).47 The cor-
relation time imaging is realized by the addition of fixed linear polarizers (one horizontal and one
vertical) in the excitation path and a PBS (Thorlabs Inc., New Jersey, United States) in the emis-
sion path as will be explained below. The PBS separates the fluorescence emission into two
orthogonal polarizations that are focused on different regions of the charge-coupled device
(CCD) camera and consequently allows simultaneous recording of the parallel and perpendicular
images.

The excitation source, a multi-light emitting diode (LED) with three different usable wave-
lengths of 403, 468, (used in this work) and 537 nm, is modulated in a sinusoidal fashion by a
signal generator (Prior OptiScan I, Rockland, Massachusetts, United States). This sine wave (AC
modulation superimposed upon DC) is characterized by a high frequency in a range between 1
and 120 MHz.*" In this research, six modulated frequencies between 20 and 45 MHz, linearly
spaced, were used for all samples.

A dragged device containing three windows is placed at the output of the LED to excite the
sample with one of three options: a vertical polarizer modulated light (for FA measurements), a
horizontal polarizer modulated light (for supporting G factor calculation as will be elaborated in
Sec. 2.2.2) and unpolarized modulation light (for calibration purposes).
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Fig. 1 A schematic illustration of the FD TR-FAIM. FA measurements are implemented by adding
entrance polarizers (horizontal and vertical) at the output of the multi-LED source and a PBS at the
input of the image intensifier of our FD-FLIM system. A pinhole at the input of the PBS adjusts the
width of the FI to avoid overlap of the two polarization components of the fluorescence emission.
Using a mirror, the two polarized beams, which are extracted by the PBS, arrive in parallel to the
CCD camera whose field of view is divided between the two.

An Olympus IX-81 inverted microscope with a 10X, NA = 0.4 objective (OLYMPUS,
Tokyo, Japan) is used to focus the sample. Then, a dichroic mirror within the microscope filters
the excitation so that only the FI arrives at the PBS that divides the polarized fluorescence emis-
sion to the vertical (/}) and horizontal (/) orientations at the input of the image intensifier.

Besides the parallel (||) and perpendicular (1) images of the FI, images of the their modu-
lation depth (mj and m,) and phase shift (¢ and ¢ ) are also extracted. These frequency
response data (FRD) can be acquired using a gain-modulated detection device (image intensifier)
operating at the same frequency as the fluorescence emission but with numerous different phase
angles between them (known as a homodyne phase-sensitive detection).*” The FRD are calcu-
lated in each individual pixel of the image through a FLIM software package computer program
(LI-FLIM). This program fully controls the settings of the signal generator, LED, image inten-
sifier and camera, and presents the data in 2D presentations (with a spatial resolution of
1392 x 1040 pixels). The system’s time resolution (both FLT and 0) is ~80 ps, which is con-
sistent with the manufacturer’s specifications, and the r value is estimated to be around 0.001.

An added pinhole in the input of the PBS is used to control the width of the fluorescence
emission, to prevent an overlap between the two polarized beams. The output of the image inten-
sifier is coupled to a 16-bit CCD camera (LI>CAM MD). The field of view (14.4 X 10.8 mm) is
divided between the two polarization components of the emission.

The two polarized emission components (the parallel, /| and the perpendicular, /, ) depend
on the decay constants of the fluorescent material and the modulation frequency (represented by
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the angular modulation frequency, @). They are modulated at the same frequency as the exci-
tation, but phase shifted relative to each other; the AC amplitude of the perpendicular component
(14€) leads the AC amplitude of the parallel component (Iﬁc) by A¢. In addition, I, is reduced
relative to /)| by the ratio, A, which can be calculated by multiplying the modulation depth (m)
and DC ratios of the two polarized beams

A _m

Ay =—m=—1 . 2
CIC m IR
A, is provided to calculate the modulated anisotropy, r,, using
A, -1
= . 3
o = A 12 3)

By setting @ =0, the steady state FA, r, can be extracted using Eq. (3)
where Ag = IP¢/I7€.

For single exponential FI and FA decays, r can also be extracted by the Jablonski equation,

which is the anisotropy analogue of Perrins polarization equation***
o
= . 4
R 7 @

The basic principles of the FD analysis were previously discussed.*

2.2 Data Calibration in FD TR-FAIM/ FD FLIM

All measurements were performed at ambient temperature (20°C). Although the configurations of
the FD FLIM and the FD TR-FAIM are only somewhat different, the calibration process of each of
these configurations is entirely dissimilar. Thus, this section describes separately each of them.

2.2.1 Calibration for FLT measurements

To resolve the FLT images, the FRD of the FI decays were extracted through a separate experi-
ment by replacing the PBS in the emission path with a linear polarizer oriented 54.7 deg from the
vertical (magic angle setting). This configuration eliminates any influence of the FA over the
obtained FRD of the FI decays and hence avoids the distortion of the FLTs.”' In addition, to
remove the frequency dependence of the system itself, a reference (a solution with a known
FLT value) of a fluorescein dye (the first sample in Sec. 2.4) was used for calibration.

The corrected phase shift is extracted as

hs = P — Pres + Pregs ®)

where A¢: and A¢.; are the measured and the real phase shift of the reference solution, respec-
tively. The terms A¢}" and A} are similarly described for the sample. In the same way, the
corrected modulation depth is extracted as

m

1 _ 1 m; ©)
r m ,r
mg mg m..e

where m/%; and m] are the measured and the real modulation depth of the reference solution,

respectively. The terms m!' and m/ are similarly described for the sample.

2.2.2 Calibration for FA measurements

To calculate the correct DC and AC ratios between /) and /; (and hence the correct r and ¢
maps), any electrical or optical distortion of the polarization components (such as different trans-
mission efficiencies) should be compensated. It is known that in experimental setups based on
PBSs and filters (and not monochromators) as in our case, often the compensation factor (known
as G factor) is insignificant (G = 1). Nevertheless, unlike the transmitted beam (/ H) in the PBS
used in our system that is considerably pure (with an extinction ratio > 1000: 1), the reflected
beam (/) has a leakage of approximately L = 5% of the other polarization component (| over
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the wavelength range from 420 to 680 nm (the procedure for determining the 5% leakage is
explained in detail in Appendix A in the Supplementary Material). This leakage can be fixed
using the following equation:

X 10 X
107 = 1.0217° - 3LIE P 7

The superscripts exp and corr refer to the measured (experiment) and corrected 7, or /|,
respectively. The coefficients 1.02 and 10/9 are derived from the transmission efficiency of the
PBS for the transmitted component Iﬁ"p ~ <= I'* and for the reflected component (PBS and

AT
mirror) /77 ~ 75 1'%, The modulated polarized signals can be described as

1, =I°[1 4+ m, sin(wt — ¢,)], ®)

where the subscript p indicated either || or L. Substituting Eq. (8) in Eq. (7) yields that the DC
leakage can be compensated by setting I = Ipc in Eq. (7). The AC leakage can be compensated
using the following equations:

I/iC.corr _ \/(11)2 + (12)2 + 21,1, cos(A¢™?),

I
$L™ = sin! ( P IAC—ZH sin(Aql)e"P)). )

1

where
I, = 1.0210P S,

10
L= —ELI]HDC"’XPmﬁXp,

A¢exp — iXP _ ¢‘ﬁxp. (10)

Full derivation of the DC and AC compensation formulas are presented in Appendix A in the
Supplementary Material.

Once the leakage is compensated for, the G factor can be extracted. However, one should
notice the geometry of the FD TR-FAIM apparatus. In the conventional L-format or T-format
configurations, the detection is collected at right angles to the excitation and hence horizontal
excitation results in the same signals in the parallel and perpendicular channels. In our FD TR-
FAIM configuration, the fluorescence emission is observed along the same axis as the excitation
(collinear setup). For this geometry, rotation of the excitation polarizer reverses the signals in the
two polarized observation channels. Thus, the G factor of each pixel is extracted as*

oo - |

For each intensity component, we use two subscripts to indicate the orientation of the exci-
tation and emission polarizers where the order of the subscripts represents the order in which the
light passes through the two polarizers. For example, Iy corresponds to vertically polarized exci-
tation and horizontally polarized emission. Accordingly, G(x, y) can be acquired by recording two
sets of FI images at vertical excitation (/yy and Iyy) and horizontal excitation (Iy and Iyy).
Using Eq. (11), the G factor was found 1.04 &= 0.01. In addition, expectedly, excitation with unpo-
larized light resulted with no phase shift difference between the two polarized components (within
experimental error). Thus, no corrections for instrumental effects on the phase shift were required.

2.3 Data Processing in FD TR-FAIM

The FRD of the FI and FA decay data were analyzed with MATLAB 2021b software
(MathWorks, Massachusetts, United States). Images of FI and FLT were masked by excluding
pixels with FI lower than 5% of the maximal pixel value. In the same manner, images of r and
were masked by eliminating pixels below a threshold of 5% the maximal /PC. In this manner,
regions with ill-defined data were eliminated. In addition, images of the FA were calculated after
pixel registration of the two polarized emission images by finding the center of gravity of each
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polarized component. The center of gravity of each image can serve to define a circular or square
region of interest (although in this research each image was analyzed using its entire shape).

2.4 Preparation of Fluorescein-Glycerol (FI-Gly) Solutions

As a FI-Gly system is a popular model to study rotational dynamics, seven fluorescein sol-
utions (50 uM) were analyzed in this research. They were prepared by dissolving fluorescein
(Sigma, St. Louis, Missouri, United States) in phosphate-buffered saline (biological industries,
Kibbutz Beit Haemek 25115, Israel) solutions having different viscosity (different glycerol in
Phosphate Buffered Saline concentrations: 0%, 30%, 40%, 50%, 60%, 70%, and 80%). All sam-
ples had a pH value of 7.4.

14,27

2.5 Carbon Dots

The hydrothermal technique has been demonstrated to be a simple and successful way to syn-
thesize luminous CDs. Surface modification and heteroatom doping have both been used to
improve and regulate the fluorescence properties of CDs. Because of its suitable atom radius
with C, high electronegativity, and unique electron configuration, nitrogen (N) is the most used
doping element in CDs. N has been shown to alter electron density by injecting electrons into
CDs, hence altering the internal electrical environment.’> Polyethyleneimine (PEI)-modified
CDs (PEI-CDs) was one of the most investigated N-doped CDs among them.’**

2.5.1 Preparation of CDs

In a glass beaker, for CD1, the carbon source was citric acid (CA) (0.0210 g). CA and PEI (3 mL,
5%) were dissolved in 7-mL distilled water. The translucent fluid was transferred to a Teflon-
lined autoclave chamber after 3 mins of stirring. The chamber was then sealed and placed in an
oven. The color of the solution changed to yellow after 10 hrs of hydrothermal reaction in the
oven at 180°C, suggesting the CDs formation. Without any extra separation or purification, the
clean and transparent CD solution was used in future experiments. A similar process was used for
CD2, with para phenylenediamine (p-PD) as the carbon source.

2.5.2 Preparation of PEG-Coated AuNPs

In situ AuNP preparation was accomplished by adding HAuCl,.3H,O to a PEG-NH, solution
containing tri sodium citrate. Typically, 340-uL PEG and 0.75-mL 1% trisodium citrate were
combined in a 50-mL beaker with a magnetic stirrer and heated to 50°C. Then, with vigorous
stirring, 19.74 mg of gold precursor (HAuCl,.3H,0) was added. The solution was then gradually
heated to 80°C and agitated until it turned ruby red. PEG-coated AuNPs are formed when the
color changes from translucent to ruby red.

2.5.3 Preparation of CDs-Au Nanohybrid

For the EDC-NHS coupling of CDs with AuNPs, 8 ul of 10 mg/ml EDC solution and 16 ul of
NHS were combined to with 1 ml of gold colloid. The solution was vortexed and incubated for
30 mins after the addition. The solution was then centrifuged for 5 mins at 3600 RCF. 1-ml PEG-
coated AuNPs and 1-ml pure CDs (CD1 and CD2) were combined well, vortexed, and incubated
overnight to give CDs-Au nanohybrid.

3 Results and Discussion

To confirm the ability of the FD TR-FAIM system to probe variations in the rotational diffusion
of fluorophores, we measured the broadly utilized dye fluorescein in seven solvents with increas-
ing viscosities (achieved by increasing the glycerol concentration: 0%, 30%, 40%, 50%, 60%,
70%, and 80%). All 7 solutions were investigated using the main fluorescence characteristics (FI,
FLT, r, 8, and rj). Once the proof of concept of the FD TR-FAIM was well established, we
investigated the same fluorescence characteristics on two CDs distinguished by their carbon
sources as well as the effect of connecting each of these CDs to gold.
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The results in this section will be presented using images of the FI, FLT, r, and 6 as well as
their histograms (of the normalized probability distribution). The histograms were characterized
using their mode (maximum amplitude) and full width half maximum (FWHM). Unlike the FLT
image, which exhibits a Gaussian distribution, and hence the mean of the distribution is equal to
the mode, in the skewed image of @ distribution the mean is typically much higher than the mode
(nonetheless only the mode and FWHM are focused on this paper). The mode and FWHM def-
initions with detailed examples for @ distributions (Fig. S1 in the Supplementary Material) are
described in Appendix C in the Supplementary Material.

3.1 Imaging a FI-Gly System

The FD FLIM/ TR-FAIM system was used to image the FI, FLT, r, and 8 of 7 fluorescein sol-
utions with increasing viscosities. All seven samples exhibited a higher intensity in the parallel
component, indicating sufficient viscosity to resolve the depolarization. Using the chi-square
analysis, a single exponential fit was found the most suitable for both the FI and the FA decay
analyses and hence it was applied for each image pixel, yielding the FLT and 6 maps.

First, the seven FI-Gly solutions were investigated by the steady-state FI, measured in arbi-
trary units (arb. units), and the FLT. The findings (shown in Fig. 2 and for FLT also summarized
in Table 1) indicate a clear dependence of the FI [Figs. 2(a)-2(c)] and the FLT [Figs. 2(d)-2(f)] on
the glycerol concentration (data is presented for example for the 0%, 60%, and 80%). The
increase in the glycerol concentration resulted in an increase in the FI and a noticeable decrease
in the FLT (from 4.01 ns at 0% to 3.56 ns at 80%). The latter trend is also demonstrated using
FLT histograms of the seven solutions [Fig. 2(g)] and observing the peak of each distribution
[blue circles in the inset of Fig. 2(g)]. Nevertheless, the FWHM [orange circles in the inset of
Fig. 2(g)] of each distribution remains constant.

A suspected reason for the increase in the FI with the increasing glycerol concentration could
be the prevention of dynamic quenching due to a constraint on rotation at increasing viscosities.
As the viscosity increases, the movements of the molecules are more restricted and hence also the
collisional quenching.” However, prevention of quenching should also be expressed by FLT
increasing” whereas the received trend is the opposite. Viscosity can alter the FLT only in a few
fluorophores whose chemical structures enable nonradiative energy relaxation mechanisms
through internal twisting (known as molecular rotors). The latter can be hindered with the
increase of viscosity and thus can increase the FLT.>3>¢ Fluorescein is not a molecular rotor,
hence this is not the trend in our case.”” However, the Strickler—Berg formula (as exhibited in
Appendix B in the Supplementary Material) predicts an inverse relation between the FLT
of a fluorophore (7) and the refractive index (n) of its environment (z~! « n?) due to its
polarizability.®> This is a fundamental relation that applies to all fluorophores, irrespective

(@) rmeyow (D) Feyen (C)  Fi-Glysow (9
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Fig. 2 (a)-(c) FI and (d)-(f) FLT maps of FI-Gly solutions with different glycerol concentrations
(0%, 60%, and 80%). The Fl and the FLT are represented by a color scale from 0 to 65535 arb.
units and 3 to 4.5 ns, respectively. The increasing of glycerol concentration is expressed by the
increase of the Fl and the decrease of the FLT. The latter is also presented by histograms of the
FLT (g) of the seven FI-Gly solutions (with different glycerol concentrations between 0% and 80%).
Inset: the peak of the FLT histograms shows a clear descendant with the increasing of glycerol
concentration whereas the FWHM remains constant (blue and orange circles, respectively).
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Table 1 Dependence of FI and FA decays parameters on glycerol level (0% to 80%).

FLT (ns) re 6 (ns) ro
FI-Gly
(%) Mode FWHM Mode FWHM Mode FWHM Mode
0 4.01 £0.01 0.32+0.02 0.053 +0.012 0.036 = 0.002 0.15+0.05 0.27 +0.10 0.40 = 0.01

30 3.82 £ 0.02 0.38 +0.06 0.098 + 0.006 0.042 + 0.004 0.90+0.13 0.71 £0.16 0.38 + 0.02
40 3.76 = 0.01 0.34 + 0.03 0.112 £ 0.004 0.040 + 0.002 1.10+0.16 0.90 + 0.15 0.37 = 0.03
50 3.72 + 0.01 0.36 £0.02 0.134 + 0.006 0.043 + 0.004 2.10+0.26 1.60 +0.10 0.36 + 0.04
60 3.67 £ 0.02 0.31 £0.07 0.177 £ 0.006 0.044 + 0.002 4.30 +0.34 2.70+0.15 0.33 = 0.04
70 3.64 + 0.02 0.34 £ 0.05 0.231 +0.009 0.045 +0.002 7.75+1.30 5.40+0.20 0.31 + 0.06

80 3.56 = 0.02 0.34 + 0.04 0.252 + 0.003 0.044 + 0.002 11.25 + 1.87 7.50 + 0.50 0.30 = 0.06

*Since typically r has standard deviation < 0.01, it is exhibited with an accuracy of 3 decimal place, whereas the
FLT, 6, and ry are exhibited with an accuracy of 2 decimal place from the same considerations.

of their structure or their environment.®® Furthermore, the lower degree of contrast in fluorescein
FLT is known due to its insensitivity to solvent composition.®!

Next, the steady-state FA and the dynamic FA were also measured (the findings are shown in
Fig. 3 and summarized in Table 1). While the increase of the glycerol concentration from the 0%
to 80% resulted in a moderate decrease in the FLT (about 0.5 ns), it presented a strong
dependence in both the steady state FA [Figs. 3(a)-3(c)] and the rotational correlation time
[Figs. 3(d)-3(f)]. The former and the latter are expressed by the two orders of magnitude increase
in the r values from 0.053 to 0.252 and the 8 values from 0.15 ns to 11.25 ns [blue circles in the
inset of Figs. 3(g) and 3(h), respectively]. These trends demonstrate the utility of imaging the
rotational mobility beside the FLT as the former presented clearer distinctions between the sam-
ples. Moreover, although the increase in the viscosity was not followed by a wider distribution of
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Fig. 3 (a)-(c) Steady-state FA and (d-f) rotational correlation time maps of FI-Gly solutions with
different glycerol concentrations (0%, 60%, and 80%). The steady-state FA and the rotational cor-
relation time are represented by a color scale from 0 to 0.4 and 0 to 20 ns, respectively. The
increasing of glycerol concentration expressed by the increase of the steady-state FA and the
rotational correlation time. Both are also presented by histograms of the steady-state FA (g) and
the rotational correlation time (h) of FI-Gly (with different glycerol concentrations between 0% and
80%). Insets: the modes of the histograms of both parameters (blue circles) show a clear increase
with the increasing of glycerol concentration. However, whereas the FWHM of the steady-state FA
distributions remains constant the FWHM of the rotational correlation time distributions also exhibit
a clear increase (orange circles).
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r, it resulted in a wider distribution of € [orange circles in the inset of Figs. 3(g) and 3(h), respec-
tively] as evident by the increase of the FWHM from 0.27 ns for the 0% to 7.50 ns for 80%.

With the exception of the 0% solution, the other solutions (with 30% to 80%) exhibited
higher correlation times and hence more viscous regions in the center of each image [as presented
for example in Figs. 3(e) and 3(f)]. Since the center of each sample has been adjusted to the center
of the illumination, this can be explained by the favorable peripheral diffusion of the less viscous
liquid (fluorescein distilled in phosphate buffer saline) relative to the more viscous liquid (glyc-
erol). This can justify why FLT maps did not reveal this phenomenon (the fluorescein was still
relatively uniformly distributed) as well as why the pure fluorescein (without glycerol) did not
exhibit this behavior. Moreover, it should be noted that the effective dynamic range of 8s mea-
sured by FA decay is typically limited between 0.1 and 10 times the FLT without constrained
analysis or a high level of signal to noise ratio.®* The mean 6 for the 0% solution was about
0.40 ns, whereas the more concentrated solutions (30% to 80%) samples exhibited mean values
between 1.5 and 12.5 ns. Therefore, the determination of @ for the 0% solution (with mean FLT
about 4 ns) might be less accurate.

Moreover, the increase in the glycerol concentration resulted in a noticeable decrease in the
fundamental FA, r(, (Table 1). This implies an increase in the angle between the absorption and
emission dipole moments of the fluorescein, due to changes of its molecular conformation with
the glycerol concentration. All the investigated parameters (FLT, r, 8, and r) of the FI-Gly sam-
ples are in good agreement with previously published cuvettes and single point measurements.'*

3.2 Imaging CDs
Compared to other carbon nanostructures, CDs are fluorescent, photostable, and their optical
properties are unique and tunable. Several mechanisms responsible for the change of fluores-
cence properties in CDs have already been applied for sensing applications.®*~* The near-field
interactions of CDs and the AuNPs can cause the spectral emission of the fluorescence to change
wavelengths making CDs-Au constructs suitable FLIM probes (as is evident by the fundamental
Strickler-Berg formula,” which is discussed in Appendix B in the Supplementary Material).
Although there are several works that characterize CDs using FI and FLT analyses, there are
only a few reports that use steady-state FA analysis and to the best of our knowledge none that
use 6 imaging. However, the increasing size of the linked CDs-Au constructs relative to the CDs
alone make them favorable for steady-state FA and 6 imaging experiments as the increase in the
effective size of the combined construct should increase the polarization [as evident in Egs. (1)
and (4)].

3.2.1 Morphology and absorption spectrum of the CDs and CDs-Au

To confirm the attachment of each of the CDs (as described in Sec. 2.5.1) to the AuNPs by the
increase in the effective size of the CDs-Au construct relative to the CDs alone, the morphologies
and dimensions of the CDs and CDs-Au nanohybrid were investigated by transmission electron
microscopy (TEM, JEM-1400Flash, Massachusetts, United States). All CDs were determined to
be spherical in shape, which explains why the single exponential decay model was found to best
describe the FA decay. Nevertheless, the attachment to gold distinctly increased the sizes of CD1
and CD2 from 2 to 5 nm to 20 to 22 nm for the CD1-Au and CD2-Au constructions, respectively
[Figs. 4(a)-4(d)]. The TEM images for the AuNPs alone found a size range from 14 to 18 nm
[Fig. S2(a) in Appendix D in the Supplementary Material]. In addition, a prominent peak in the
CDs Fourier transform infra-red spectroscopy (FTIR, Perkin Elmer, Spectrum Two, Singapore)
spectra [Fig. S2(b) and Appendix D in the Supplementary Material] at 1515 cm™! indicated the
existence of the -NH group, whereas a broad peak at 1345 cm™! indicated OH deformation vibra-
tions. The change of the carbonyl peak of carboxylic acid from 1623 to 1609 cm™' endorsing the
establishment of an amide linkage confirmed the covalent attachment of AuNPs to the CD
surface.®® The verification of both the increased size of the CDs-Au nanohybrid relative to the
CDs alone and the covalent attachment of AuNPs to the CD surface imply that rotational cor-
relation time imaging should distinguish between each of the two CDs and their attachment
to gold.
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Fig. 4 TEM images of (a) CD1, (b) CD2, (c) CD1-Au, and (d) CD2-Au nanohybrids. The 20 scale
(bottom left in each subplot) has changed size in direct proportion to the physical size of the map.
Clearly, there is an increase in the effective size of each CDs-Au construct relative to the CDs

alone. (e) UV-VIS absorption spectra of CD1, CD1-Au, CD2, and CD2-Au.

The CDs UV-visible (VIS) spectra showed a wide spectrum throughout the whole region,
with the largest peaks occurring at 337 and 517 nm [Fig. 4(e)]. The graphitic sp2 domain of CDs
underwent a II-ITx transition,®”” which led to the observation of the absorption band at 337 nm.
The aromatic core made up of C-O or C-N structures may have undergone n-IIx transitions,
which would explain the peak at 517 nm.6*%

Since all CDs were excited by 468 nm, observation of the absorption spectrum of the CDs
can imply several theses. First, the FI is expected to be higher for CD2 compared to CDI1 since
the absorbance is more than two times stronger for the 468 nm. Second, if CD2 had undergone
n-ITx transitions, it should be reflected by larger r( values relative to CD1 and even the maximal
ro value ~0.4 (absorption and emission involving the same electronic transition have nearly col-
inear moments whereas lower r, values are expected upon excitation into higher electronic
states).®” Third, for the same reason, CD2 may have higher steady state FA (r) relative to CD1.

3.2.2 Fluorescence imaging of the CDs and CDs-Au

This section tests the above hypotheses and presents the fluorescence properties (FI, FLT, r, 8,
and ry) of the two CDs derived from different carbon source (as elaborated in Sec. 2.5.1).
Moreover, each of the two CDs was investigated with and without attachment to gold
(Secs. 2.5.2 and 2.5.3).

Expectedly (first thesis in Sec. 3.2.1), the FI images [Figs. 5(a)-5(d)] and histograms
[Fig. 5(e)] of the CDs indicate higher values for CD2 relative to CD1. However, surprisingly,
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Fig. 5 (a)-(d) Fl maps and (e) histograms of the four CDs (the Fl is represented by a color scale
from 0 to 20000 arb. units). CD1 and CD2 differ only by the carbon source (CA in CD1 and p-PD in
CD2). Distinctly, CD2 presented higher Fl than CD1 and the attachment of gold to each CD
increase the FI.
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Table 2 Characterization of FI and FI decays of the four CDs (0% to 80%).

FI (arb. units) FLT (ns)’
Sample Mode FWHM Mode FWHM
CD1 10,825 + 620 1125 + 570 2.66 + 0.10 0.36 + 0.02
CD1-Au 11,825 + 570 1100 + 850 2.62 + 0.05 0.33 + 0.02
CD2 15,225 + 625 2000 + 400 247 £0.19 0.20 + 0.05
CD2-Au 18,350 + 1070 2000 + 400 2.42 + 0.06 0.21 + 0.04

*Since typically the FLT has standard deviation < 0.2, it is exhibited with an accuracy of 2 decimal place.*”

each of the CDs exhibited higher FI through the attachment to gold. In addition, as presented in
Fig. 5(e) and summarized in Table 2, the FI histograms reveal wider distribution (higher FWHM)
for CD2 relative to CD1. Nonetheless, the attachment of gold did not alter the FWHM.
Next, FLIM was applied on the CDs [presented in Figs. 6(a)-6(d) and summarized in
Table 2], an observable shift to shorter FLT values in CD2 relative to CD1 and in the addition
of gold to CD2 was seen. However, there is a barely distinguishable shift with the addition of
gold in CD1. FLIM histograms [Fig. 6(e)] also reveal narrower FLT distribution (lower FWHM)
in CD2 relative to CD1 but about the same distributions with and without the attachment to gold
(Table 2). Moreover, as opposed to the homogeneous environments of the F1-Gly samples, which
are reflected by relatively uniform FLT images, the varying environments across the CDs exhib-
ited more detailed FLT images. Although the FI histograms visibly distinguish between the four
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Fig. 6 (a)-(d) FLT maps and (e) histograms of the CDs (the FLT is represented by a color scale
from 2 to 3.5 ns). Clearly, CD1 exhibited longer FLT relate to CD2. However, the attachment of gold
to CD1 and CD2 barely decreased the FLT (within experimental errors).
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Fig. 7 (a) Emission spectra of CD1 and (b) CD2, respectively, in the presence of AuNPs showing
MEF. (c) Blank studies without PEI coating on CD1 and CD2 showing no MEF.

CDs, the FI images did not reveal environmental sensitivity. This demonstrates how simultane-
ously imaging the FI and the FLT can provide complementary information.

The modest FLT variation due to the attachment to gold of each CD can indicate that the
increase in FI [Fig. 5(e)] with the attachment to gold is not caused by the inhibition of quenching
(which should appreciably decrease the FLT) but by metal-enhanced fluorescence (MEF). To
support this hypothesis, the fluorescence emission spectra of CD1, CD2, with and without the
presence of AuNPs, were captured and compared to confirm the MEF [Figs. 7(a) and 7(b)]. The
presence of amine PEG coated AuNPs [Fig. S2(a) and Appendix D in the Supplementary
Material] was discovered to improve the FI. When AuNPs were attached to CDs without
PEI coating (blank studies), we noticed a slight decrease in FI [Fig. 7(c)]. Thus, we concluded
that the MEF effect, which is enforced by AuNPs in a proper configuration with PEI coating on
CDs, is certainly responsible for the enhancement.

Finally, we utilized a TD system equipped with a scanning confocal PicoQuant micro time
microscope (MT200, PicoQuant, Berlin, Germany) and the ability to perform time-correlated
single-photon counting to measure the FLT. The findings indicate that CD1 had an FLT of
2.8 £0.042, CDI1-Au had an FLT of 2.6 +£0.090 ns, CD2 had an FLT of 2.4 4+ 0.095, and
CD2-Au had an FLT of 2.45 4+ 0.045. These FLT measurements are comparable to those
obtained using the FD FLIM system.

Next, the FD TR-FAIM configuration was used to study both the CDs in terms of steady
state and dynamic FA, both can further verify whether CD2 undergone a n-IIx transition or a
[I-IT* transition like CD1 as well as the size alteration of each CD with the link to gold. The
steady state FA maps, as presented in Figs. 8(a)-8(d), and histograms [Fig. 8(e)] reveal higher
polarization in CD2 relative to CD1 and higher polarization in each CD with the attachment to
gold. Both the former and the latter imply that simple steady state FA analysis is sufficient to
distinguish between the two carbon sources and verify the coupling of CDs to AuNPs (using the
EDC-NHS), respectively. Moreover, CD2 also presented a broader distribution compared to CD1
and the addition of gold to each CD decreased the FWHM (Table 3).
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Fig. 8 (a)-(d) Steady state FA maps and (e) histograms of the CDs (the r is represented by a color
scale from 0 to 0.4). Unquestionably, CD2 exhibited higher FA relative to CD1 as well as each CD
presented higher FA due to the attachment to gold.
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Table 3 Characterization of steady-state FA and FA decays of the four CDs.

r 0 (ns) ro
Sample Mode FWHM Mode FWHM Mode
CD1 0.100 + 0.011 0.075 + 0.011 0.98 + 0.13 0.66 + 0.01 0.16 + 0.01
CD1-Au 0.150 + 0.013 0.065 + 0.005 1.65 + 0.20 1.10 £ 0.13 0.23 + 0.05
CD2 0.280 + 0.008 0.078 + 0.009 5.55 + 1.08 4.26 + 0.47 0.36 + 0.01
CD2-Au 0.310 + 0.004 0.055 + 0.008 7.95 + 0.97 5.30 + 0.68 0.40 + 0.01

*Since typically r has standard deviation <0.01, it is exhibited with an accuracy of 3 decimal place, whereas ¢
and r, are exhibited with an accuracy of 2 decimal place as the FLT.
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Fig. 9 (a)-(d) Rotational correlation time maps and (e) histograms of the CDs (@ is represented by
a color scale from 0 to 5 ns for CD1 and 2 to 20 ns for CD2). In accordance with the findings of the
steady state FA, CD2 exhibited higher 6 relative to CD1 and the increase of 6 in each CD due to the
attachment to gold is evident.

Expectedly, the general trends seen through steady state FA imaging were repeated using
correlation time imaging [Figs. 9(a)-9(d) and Table 3] and observing its histograms [Fig. 9(e)].
CD2 exhibited higher correlation times relative to CD1 and the attachment to gold also increased
the correlation time in each CD. However, two main additional findings demonstrated the supe-
riority of correlation time imaging. First, as evident in Table 3, the FWHM followed the same
trends as the mode (contrary to the steady state FA investigations). Second, following the differ-
ence between the FI imaging (Fig. 3) and the FLT imaging (Fig. 5), the correlation time imaging
provided more detailed images relative to the steady state FA images (Fig. 8). In agreement with
the FI-Gly maps [Figs. 3(e) and 3(f)], the correlation time images of the CDs revealed a more
viscous area in the center of each image. This supports the thesis that in each sample the less
viscous fluid tends to diffuse more rapidly to the peripheral area (all CDs were dissolved in water,
which diffused faster).

Finally, the fluorescence characteristics of the steady-state FA and FA decay are summarized
in Table 3 using the mode and FWHM of each parameter distribution. Moreover, the mode of the
fundamental FA (r,) is also presented. CD2 exhibited about collinear absorption and emission
transmission moments (indicated by about maximal value of 0.4), contrary to CD1, which exhib-
ited lower fundamental FA. This supports the second thesis (end of Sec. 3.2.1) that the absorption
and emission in CD2 involving the same electronic transition and hence have nearly colinear
moments, whereas the excitation in CD1 is into higher electronic state (n-IT* transition in
CD2 vs II -IT* transmission in CD1).

4 Conclusion and Future Work

The present work demonstrates how the FD TR-FAIM system can serve as a powerful tool for
performing parallel imaging based on rotational diffusion dynamics and excited states kinetics.
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Conceivably, a large variety of unique information can be extracted with great sensitivity on a
pixel by- pixel basis by combining the steady-state images (FI and r) and the TR images (FLT and
0) obtained by FD FLIM/ TR-FAIM at multiple modulation frequencies. Measuring the FLT and
6 in the FD has the potential to shed light on distinct photophysical characteristics or micro-
environments in a rapid and efficient manner.

In the present research, the main fluorescence characteristics (FI, r, FLT, and 6) were inves-
tigated using the combined FD FLIM/ TR-FAIM in seven FI-Gly samples with increasing glyc-
erol concentration and hence with increasing the viscosity. Investigation of each of the
fluorescence characteristic had its own contribution toward describing the change in the fluo-
rophore. Nevertheless, with a focus on the rotational correlation time imaging and investigation, a
large variety of favorable and beneficial information can be obtained. Next, the FD FLIM/ TR-
FAIM was used for comprehensive study of two different CDs distinguished by their carbon
source, and each was studied with and without attachment to gold. Again, although generally
each fluorescence characteristic was sensitive to the difference between the CDs, the change in
the rotational correlation time was the most dominant.

In the FD TR-FAIM, the images of both polarization components were acquired simulta-
neously and hence less susceptible to inaccuracies due to instrumental and environmental factors.
Consequently, the limiting speed factor of our system is currently the data processing of the
acquired images. The main limitation of this system is that for proper imaging of the FA decay,
one must monitor and assess each instrumental or environmental factor that can lead to polari-
zation distortion. These include suboptimal modulation frequencies, high numerical aperture,
noise level, scattering, photobleaching, or simply biases or birefringence in the optical compo-
nents (filters, polarizers, reflectors, detectors, and more).'”?’

Unfortunately, although two decades have passed since the revolutionary work of Clayton
et al. in the FD (2002)*’ and J. Siegel et al. in the TD (2003),* correlation time imaging is still in
its infancy. Nevertheless, FD TR-FAIM has a potential promise for many biological applications
such as the studies of local microviscosity, complex formation, and molecular proximity in the
molecular and cellular levels. Thus, correlation time imaging is likely to become more widely
used, especially with the advance in technology.

While previous studies have shown the potential of TR-FAIM for cellular imaging, our
research specifically targets CDs and AuNPs, which have not been studied in this context before
to our knowledge. These materials offer unique features that are relevant to a wide range of
research fields. Although our focus is on CDs and AuNPs, our findings demonstrate principles
that can be applied to other cellular imaging applications using TR-FAIM.
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