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Abstract

Unraveling the transport of drugs and nanocarriers in cerebrovascular networks is important for
pharmacokinetic and hemodynamic studies but is challenging due to the complexity of sensing
individual particles within the circulatory system of a live animal. Here, we demonstrate that a
DNA-stabilized silver nanocluster (DNA-Ag1gNC) that emits in the first near-infrared window
(NIR-I) upon two-photon excitation in the second NIR window (NIR-11) can be used for multi-
photon /n vivo fluorescence correlation spectroscopy (FCS) for the measurement of cerebral
blood flow rates in live mice with high spatial and temporal resolution. To ensure bright and
stable emission during /n vivo experiments, we loaded DNA-Ag;gNCs into liposomes which
served the dual purposes of concentrating the fluorescent label and protecting it from degradation.
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DNA-Ag15NC-loaded liposomes enabled the quantification of cerebral blood flow velocity within
individual vessels of a living mouse.
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Cerebrovascular networks, and their coupling with the central nervous system, regulate

ion exchange, signaling molecule transport, nutrient delivery, oxygen consumption, and
waste removal in the mammalian brain, which ensures the brain’s normal function.®

2 Cerebrovascular diseases, caused by hemorrhage and ischemia, are often related to
cerebrovascular malformation and hemodynamic interruptions. 4 A variety of imaging
techniques have been developed to characterize cerebrovascular structures, including
magnetic resonance imaging,® computed tomography,8 and fluorescence imaging.’-10
However, studying /7 vivo hemodynamic processes inside cerebrovascular systems,
especially in capillaries (<10 pm), remains challenging and is limited by the need for spatial
resolution beyond the capability of existing techniques.11-14 The cerebrovascular network
also serves as a critical route for drug delivery.1® Thus, monitoring nanocarriers in real-time
would provide essential information for pharmacokinetic and hemodynamic studies. While
several techniques enable the static visualization of nanocarriers after delivery using optical
imaging of regions of interest such as tumors, organs, or injury sites,16-21 the capability to
track cargo in real-time, while in the circulatory system, would provide additional insight
into drug delivery and blood flow dynamics.

We recently demonstrated the ability to achieve the necessary spatial and temporal
resolution using /n vivo multi-photon fluorescence correlation spectroscopy (FCS) for
measuring flow rates within individual capillaries in the central nervous system (CNS)

of live mice.?2 In FCS, intensity fluctuations of single molecules are recorded as they
move in and out of the confocal volume, which gives rise to temporal correlations which
can reveal characteristics such as the rates of diffusion or flow rates. By measuring the
intensity fluctuations of intravenously injected nanoparticles, we were able to reach sub-
capillary resolution and produce 2D cross-sectional flow velocity profiles. In our previous
implementation, we used CF488-Dextran with multi-photon excitation at 920 nm and
emission detected at 515 nm. However, as scattering and autofluorescence from tissue
limits the penetration depth and accuracy of the FCS results,23-25 there is a need to extend
both excitation and emission wavelengths further into the near-infrared (NIR), where these
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effects are diminished.26 DNA-stabilized silver nanoclusters (DNA-AgNCs) are a class of
emitters that have been reported to have NIR emission and high two-photon absorption
cross-sections, though there are only relatively few published studies concerning their multi-
photon cross-sections.27: 28

DNA-AgNCs are composed of a limited number of silver atoms and cations wrapped

in one or more DNA strands, and their optical properties can be tuned by varying the

DNA sequence.2% 30 |n addition to the tunability of DNA-AgNCs, many species possess
high photostability, high quantum yield,3! and low toxicity.32 While many DNA-AgNCs
are reported to be bright and have high quantum yields, it is challenging to achieve single-
molecule sensitivity and chemical stability in dense and biologically complex environments
within the vasculature.33 An approach for both enhancing the overall emission intensity
and protecting fluorophores from degradation is to up-concentrate them in nanoparticles.
Liposomes have emerged as promising candidates for the encapsulation of drugs and
fluorescent indicators which has laid the foundation for several classes of drug delivery
systems.34 35 The loading of DNA-AgNCs into nanocarriers could serve as a platform for
integrating these emitters into biological applications. Liposome self-assembly in aqueous
solutions combined with their structure comprised of an internal aqueous phase surrounded
by a lipid bilayer make liposomes well suited to host DNA-AgNCs.36 Since DNA-AgNCs
have a negatively charged phosphate backbone, the use of cationic liposomes should
enhance the encapsulation efficiency due to electrostatic interactions.3” Encapsulating DNA-
AgNCs into cationic liposomes could simultaneously protect them from degradation, while
in the circulatory system, and make them brighter compared to individual DNA-AgNCs.
Combining NIR-emitting DNA-AgNC-loaded38-40 [iposomes and multiphoton FCS for
monitoring nanocarriers in the cerebral vasculature /n vivo has the potential to promote
applications for improved pharmacokinetic and hemodynamic studies.

In this study, structurally stable DNA-Ag;6NCs,*! with emission in the first NIR region
(NIR-1) and a two-photon absorption band in the second NIR window (NIR-I1), were loaded
into liposomes for the quantification of cerebral blood flow rates in live mice (Scheme

1). The loading of DNA-Ag1gNCs (1~2 nm) into liposomes (~100 nm) did not affect

their photophysical properties and provided bright nanoparticles that could be detected by
FCS. As both excitation and emission are in the near-infrared (NIR-11 excitation and NIR-I
emission), there is less scattering and autofluorescence due to light-tissue interactions during
in vivo experiments as compared to fluorophores that emit in the visible region. In order

to optimize DNA-AgNC-loaded liposomes for /n vivo studies, we performed a series of
calibration measurements with known volumetric flow rates in a microfluidic device. As a
second green emissive dye is used for imaging the cerebrovascular network, we optimized
the excitation conditions to limit crosstalk between the spectral channels. This allowed us
to simultaneously visualize the cerebrovascular network and correlate the emission of the
spectrally distinct DNA-Ag16NC-loaded liposomes for mapping blood flow velocities by
two-photon imaging and FCS, respectively.
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RESULTS AND DISCUSSION
Optical properties of DNA-Ag16NCs.

The one- and two-photon excitation properties of DNA-Ag16NCs were characterized with

a spectrophotometer, fluorometer, and two-photon confocal laser scanning microscope. The
synthesized DNA-Ag16NCs have an absorption peak at 525 nm and a NIR-I fluorescence
maximum at around 735 nm (Figure 1a).42 The UV absorption peak around 260 nm is
attributed to the DNA bases rather than AgNCs.*3 Some DNA-AgNCs have been reported
to show anti-Stokes upconversion fluorescence (UCF), which has been used for background-
free imaging.*4 The DNA-Ag;6NC used in this article has been reported to show negligible
UCF.%> Nevertheless, we investigated the response of DNA-Ag;6NCs in 10 mM ammonium
acetate (NH4OACc) when excited by an ultrafast laser in the NIR wavelength range from

760 nm to 1100 nm (Figure 1b). Two excitation bands can be observed, one in the NIR-I1
window at 1045 nm, corresponding to the main absorption, and the edge of an additional
band at around 760 nm. The ammonium acetate solution by itself showed no features

under similar excitation conditions (Figure S1). For the subsequent /n vivo studies, dextran-
conjugated FITC (FITC-Dextran 70 kDa) was chosen for visualizing the cerebrovascular
network. To ensure a proper choice of excitation and emission wavelengths, FITC-Dextran
was characterized under ultrafast laser excitation. FITC-Dextran also showed two excitation
bands, which were both confined to the NIR-I region. In a previous study, we used CF488-
Dextran for /in vivo FCS measurements, and an equivalent characterization yielded very
similar results as to FITC-Dextran (Figure S2).

To determine if the multiphoton excitation bands of DNA-Ag;1gNCs and FITC-Dextran arise
from UCF or 2-photon excitation, we measured the excitation intensity dependence for each
fluorophore. For a two-photon process, the fluorescence intensity is expected to increase
quadratically with excitation intensity, which yields a slope of two when presented in a log-
log plot.28: 48 The slope of FITC-Dextran when excited at 920 nm is 1.87 (Figure 1c), which
slightly deviates from the theoretical value of 2.00 but still indicates an overall two-photon
absorption process. The DNA-Ag16NCs had a slope of 1.99 at 1045 nm excitation and a 1.93
at 1090 nm (Figure 1c). At 800 nm, the slope dropped to 1.76 (Figure S3), which likely
indicates the combination of a two-photon and a more linear dependent UCF process.*
Figure 1d shows that the emission spectra under one- and two-photon excitation overlap,
indicating that the same emissive state is populated in both cases. For our chosen pair

of DNA-Ag16NCs and FITC-Dextran, minimal spectral crosstalk is ensured by the proper
choice of excitation and emission wavelengths (1045/1090 nm excitation with detection in
the red/NIR I channel for DNA-Ag16NCs and 920 nm excitation with detection in the green
channel for FITC-Dextran).

Characterization of DNA-Ag1NC-loaded liposomes.

To increase the brightness and chemical stability of DNA-Ag1gNCs in the circulatory
system, we loaded them into cationic liposomes (see Experimental Section). We prepared
DNA-Ag15NCs-loaded liposomes by extrusion through a polycarbonate membrane with
a 100 nm pore size. Successful encapsulation was visually confirmed by imaging the
prepared liposomes using widefield fluorescence microscopy (Figure 2a). Additionally,
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TIRF experiments were performed, where a lipophilic dye, DiD, was used to label the
membrane of the liposomes loaded with DNA-Ag;15NCs. By exciting at 561 nm (specific
to DNA-Ag1NCs) and 640 nm (specific to DiD), significant colocalization was observed,
indicating efficient loading of the liposomes with DNA-Ag16NCs (Figure S4).

Nanoparticle tracking analysis (NTA) was used to evaluate the size distribution and
concentration of the prepared liposomes extruded through different size membranes (Figure
2b). The accuracy of the NTA system was first confirmed using 100 nm standard beads,
which gave a mean size of 97.4 nm £ 0.6 nm (Figure S5). Then, the size of the liposomes
with and without extrusion was evaluated. The mean size of liposomes without extrusion
was 194.2 nm with a standard deviation of 81.7 nm (Table S1), indicating a non-uniform
distribution. Extrusion resulted in a decrease of liposome size, a more uniform distribution,
and an increase in liposome concentration (Figure 2b and Table S1).

The absorption and fluorescence spectra of the encapsulated liposomes were measured to
exclude the effect of close packing within the lipid carriers on the optical properties of
DNA-Ag;15NCs. We found that the primary absorption peak for DNA-Ag1gNCs was still
present near 520 nm independent of the vesicle size (Figure 2c¢). We loaded liposomes at
higher concentrations and observed no change in the location of the absorption peak (Figure
S6a). However, due to light scattering by the liposomes,#8 this absorption feature was
present on top of a steep slope. The origin of the steep slope was confirmed by measuring
the absorption spectrum of 100 nm liposomes loaded only buffer (10 mM NH4OAC).
DNA-Ag15NCs encapsulated in liposomes show similar fluorescence properties under 520
nm excitation as free DNA-Ag16NCs in solution (Figure 2d and Figure 1a). The emission
spectrum of 10 mM NH,4OAc-loaded liposomes showed no significant emission between
600 nm and 750 nm. Liposomes were purified by a size exclusion column to remove free
DNA-Ag16NCs prior to characterization. To obtain an estimate of how well DNA-Ag1gNCs
are encapsulated in liposomes, the fluorescence intensity ratios before and after the size
exclusion column purification were compared for 100 nm and 50 nm liposomes (Figure 2e).
The average fluorescence intensity ratios (Post column/pre column) calculated at 680 nm
were 0.77 and 0.84 for 100 nm and 50 nm DNA-Ag;gNC-loaded liposomes, respectively. A
higher loading concentration of DNA-Ag1gNCs did not result in a significant change in this
ratio for the same liposome size (Figure S6b).

DNA-Ag15NC-loaded liposomes were then characterized under two-photon 1045 nm
excitation to evaluate their performance in FCS measurements. While free DNA-Ag1gNCs
at FCS level concentrations (50 nM) were too dim to be observed at the single molecule
level® (as characterized by the low intensity trace in Figure 2f that lacks any observable
spikes), large intensity fluctuations (Figure 2f) could be seen for the DNA-Ag;5NC-loaded
liposomes indicating loaded liposomes diffusing in and out of the focal volume. Larger
liposomes and higher DNA-Ag16NCs loading concentrations led to stronger fluorescence
intensities (Figure 2f and Figure S6c). The corresponding autocorrelation functions reveal
slow diffusion (Figure S7) around 100 ms and 54 ms for the 100 nm and 50 nm liposomes,
respectively (Table S2). The average number of liposomes in the confocal volume, obtained
by fitting the autocorrelation function, was consistent with that measured with NTA where
the 50 nm liposome had a ~1.6 fold higher concentration. Thus, by loading DNA-Ag1gNCs

ACS Nano. Author manuscript; available in PMC 2024 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Wang et al.

Page 6

into liposomes, we have shown that they retain their optical properties while becoming
sufficiently bright to be detected with FCS.

Characterization of the loaded liposomes in the flow chamber.

Before we utilized DNA-Ag5NC-loaded liposomes /in vivo, we performed additional
characterization in a microfluidic flow chamber with known flow rates to optimize the
experimental parameters and demonstrate the feasibility of the approach. The channel
dimensions were 50 mmx5 mmx0.2 mm, and flow rates inside were controlled via a
programmable syringe pump (Figure 3a). First, the 10 mM ammonium acetate solution

was tested inside the chamber under 1045 nm excitation and a 0.1 mL/min flow rate. Low
counts, equivalent to background levels, were observed for this control solution (Figure 3b).
Liposomes with different sizes (50 nm and 100 nm) and DNA-Ag1NC concentrations (12.5
UM and 37.5 uM) were prepared and introduced into the flow chamber under the same
conditions. The concentrations are estimated based on DNA absorption, thus the reported
concentrations reflect the concentration of DNA-Ag1gNCs at the liposome synthesis stage.*!
Based on the stronger fluorescence intensity spikes, it appears that larger liposomes and
higher DNA-Ag16NC concentrations allowed more DNA-AgNCs to be encapsulated into
single liposomes (Figure 3c). By fitting the corresponding autocorrelation functions (Figure
3d), we obtained the residence time, particle number, and intensity in counts per particle of
each synthesized liposome. We found that 100 nm liposomes, encapsulating 37.5 uM DNA-
Ag15NCs, had the highest fluorescence intensity per particle of 172,000 counts per second,
while the 50 nm liposome with 12.5 uM DNA-Ag;15NCs had the lowest intensity of 45,000
counts per second. It should be noted that the residence time of liposomes in the laser focal
volume, regardless of diameter, was similar during solution flow (between 467 ps and 485
us) (Table S3), as opposed to the differences seen without solution flow when the molecules
were simply diffusing (Table S2). This indicates that flow dominated the movement of
these liposomes, and that liposome size and free diffusion became irrelevant in calculating
the waist size of the excitation volume and flow rates. To verify that the concentration

of liposomes does not alter the observed flow properties during FCS measurements, we
performed a set of studies at different liposome concentrations. The observed flow rate

and residence time remained consistent regardless of the vesicle concentration (i.e., average
number of vesicles in the focal volume) (Figure S8).

Interestingly, we note a significant increase in the residence time for these liposomes when
the excitation power was increased from 5 mW to 25 mW under the same flow rate of

0.2 mL/min, regardless of the liposome size and DNA-Ag16NC concentration (Figure S9,
Table S4). This is consistent with previous reports0 of optical trapping, where higher
excitation intensities lead to more retardation.>1- 52 Moreover, our three types of liposomes
were subjected to flow rates in the range of 0.05-0.50 mL/min, and intensity traces

under 1045 nm (11.7 mW) excitation were recorded (Figure S10-S12). The corresponding
autocorrelation functions show a gradual shortening of the residence time, as the flow rate
is increased (Figure 3e). For all the investigated flow rates, the residence time between the
three liposome types is similar, as seen from the fitted values and from the overlap of the
autocorrelation functions (Table S5 and Figure 3e). By fitting the flow velocity (1) as a
function of 1/residence time (1/), a nearly constant lateral diameter (g) was obtained for
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the three types of liposomes (Figure 3f), which eliminated the influence of liposome size and
DNA-Ag15NCs loading concentration on the acquired FCS residence time.

Excitation wavelength optimization and lateral diameter calibration in the flow chamber.

For in vivo experiments, it was essential to ensure minimal interactions between DNA-
Ag15NC-loaded liposomes and FITC-Dextran (used for visualizing the blood vessels) as
well as to ensure a proper choice of excitation wavelengths for minimizing spectral crosstalk
between the two emitters. We utilized 70 kDa molecular weight FITC-labeled Dextran,
which was large enough to constrain it from escaping through the blood brain barrier. Before
conducting /n vivo experiments, we optimized the excitation and emission conditions in the
microfluidic flow chamber with both DNA-Ag1gNC-loaded liposomes and FITC-Dextran
(Figure 4a). As shown in Figures 1b and 1d, it is possible to selectively excite and detect

the emission of DNA-AQ15NCs or FITC-Dextran, by a proper choice of wavelengths

(Figure S13). Accordingly, exciting FITC-Dextran or 100 nm liposomes loaded with 10

mM NH4OAc at 1045 nm (11.7 mW and 0.1 mL/min flow) does not yield any significant
intensity fluctuations in our red/NIR | emission channel (590-740nm; Figure 4b). But the
mixture of FITC-Dextran and NH4OAc-loaded liposomes led to a small amount of undesired
intensity spikes, which could affect subsequent FCS measurements with DNA-Ag1NCs.
The origin of the spikes upon mixing FITC-Dextran and 10 mM NH4OAc-loaded 100 nm
liposomes (i.e., not loaded with DNA-Ag1NCs) is not known and could be due to FITC-
Dextran aggregation. However, as shown below, 1045 nm excitation led to non-specific
emission signals during /n vivo imaging as well. To overcome these problems, we used an
excitation wavelength of 1090 nm which eliminated the non-specific intensity fluctuations.
Despite the lower excitation efficiency of DNA-Ag1gNCs at 1090 nm (Figure 1b), the
choice of this longer wavelength was preferable, as it remedied the issues experienced with
FITC-Dextran and liposomes (Figure 4c) and performed better during /n7 vivo experiments.
As determined from the power dependence studies, excitation at 1090 nm still proceeds as

a two-photon absorption process (Figure 1c). Since high concentrations of FITC-Dextran

70 kDa (~1 uM) will be used for visualizing the vessels, we introduced a mixture of 100

nm liposomes loaded with 37.5 uM DNA-Ag;5NCs and 1 uM FITC-Dextran into the flow
chamber (set to a flow rate of 0.1 mL/min). As shown in Figure 4d, the mixture gave

large emission intensity fluctuations in the red/NIR I channel and negligible intensity spikes
in the green emission channel (525-560 nm) under 1090 nm excitation (12 mW). This
enabled us to generate autocorrelation functions for DNA-Ag;gNC-loaded liposomes in the
flow chamber without interference from background fluctuations that were observed at 1045
nm excitation (Figure 4e). Furthermore, upon 1090 nm excitation, the derived residence
time and number of particles from the mixture of FITC-Dextran and DNA-Ag,15NC-loaded
liposomes (446 ps and 1.01) were nearly the same as DNA-Ag,gNC-loaded liposomes alone
(453 ps and 1.07) under the same conditions (Table S6). Meanwhile, the measured residence
time and particle numbers of the mixture when using 1045 nm excitation (523 ps and 1.99)
deviated significantly from liposomes measured in the absence of FITC-Dextran (472 ps
and 1.34) under 1045 nm excitation (Figure 3d, Table S3 and Table S6). Hence, 1090 nm
excitation was used for all subsequent experiments.
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As liposome size did not alter residence time during flow, 100 nm liposomes were
selected due to their larger encapsulation capability and higher emission intensity (Figure
3c). 100 nm liposomes encapsulated with 12.5 uM DNA-Ag1gNCs showed clear single-
particle emission fluctuations under 1090 nm excitation (Figure S14). Subsequently, 100
nm liposomes were used to encapsulate DNA-Ag1gNCs (12.5 uM) for in vivo blood flow
measurements. As demonstrated in Figure 3f, it is necessary to calibrate the confocal lateral
diameter for a given excitation wavelength and emitter. We show in Figure 4f a similar
calibration procedure for 1090 nm excitation, which yields a lateral diameter (g) of 0.690
pum. This derived lateral diameter is then used to calculate flow velocities from extracted
residence time (zf) during /7 vivo FCS measurements within the cerebrovascular network
(Equation 5 in Experimental Section).

In vivo monitoring of liposomes and cerebrovascular blood flow velocity measurements.

Prior to conducting FCS measurements /in vivo, we performed a series of control
experiments without FITC-Dextran or DNA-Ag;15NC-loaded liposomes to assess the
background levels expected under NIR-I1 excitation for unlabeled brains. For this, we
prepared a skull-opened cranial window in a live mouse (Figure S15, see Experimental
Section for details).2? In animals that had not been injected with a fluorescent label, we
visualized blood vessels through the cranial window using 920 nm excitation, where the
vessel wall appeared as a shadow within the brain’s autofluorescence in the green emission
channel (Figure 5a). The emission intensity in the red/NIR channel was monitored inside the
vasculature during 1090 nm (Figure 5b) or 1045 nm excitation (Figure S16a, b) to determine
the level of interference from autofluorescence. Excitation at 1090 nm resulted in much less
background than excitation at 1045 nm within individual vessels. As mentioned previously,
this further supported our choice of 1090 nm excitation for DNA-Ag;gNC-loaded liposomes
for /n vivo measurements.

Next, we delivered a 100 pL mixture of FITC-Dextran and DNA-Ag1NC-loaded liposomes
into the bloodstream using retro-orbital injection (Figure 5c), yielding a final concentration
in the animal that was similar to that in our flow chamber measurements (1 uM of FITC-
Dextran and single to a few liposomes in the confocal volume). The vasculature images
were acquired from the green emission channel by exciting FITC-Dextran at 920 nm (25
mW). The dynamic characterization of DNA-Ag16NC-loaded liposomes in the vasculature
was monitored by two-photon FCS at 1090 nm. A 35 pm thick vasculature area 100 pm
beneath the surface of the brain was selected for analysis, which included arterioles (~28 pm
in diameter), venules (~32 pm in diameter), and capillaries (<10 um in diameter). It should
be noted that not all of the selected vessels were in the same focal plane (Figure S17). All
focal planes were merged into one image with a maximum intensity projection to visualize
all FCS points in a single image (Figure 5d). The locations of interest inside the vessels
were selected during live imaging, and the DNA-Ag1gNC-loaded liposomes were then
monitored with FCS in the red/NIR I channel under 1090 nm (12 mW) excitation. Intensity
fluctuations from within vessels clearly show distinguishable intensity spikes (Figure 5¢).
The flow velocities of 12 vessels were mapped by recording similar intensity time traces,

as in Figure 5e, and analyzing the corresponding autocorrelation functions (Figure 5f).
Using the extracted residence time and calibrated confocal lateral diameter (0.690 pm),
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we then calculated the flow velocity in each vessel (Figure 5g). The flow velocities

in capillaries (positions 1-6) were all slower than 1 mm/s, while the flow velocities in
arterioles and venules (positions 7-12), which have a larger diameter, were all faster than

1 mm/s. However, the flow velocities in the arterioles (positions 10-12) were significantly
faster than in venules (positions 7-9), even though their diameters were smaller. The blood
flow velocities measured here are similar to those previously observed for similarly sized
vessels.10: 13. 53,54 The high spatial resolution of this technique even allowed us to map

the flow velocity at multiple points within a single capillary. The blood flow velocities at
the center were usually faster than those at the vessel wall apart from position 4, where

a sharp turn in the vessel obstructed the flow and gave rise to slower velocities. Overall,
encapsulating DNA-Ag16NCs into liposomes made them detectable by two-photon FCS in
vivo and provided high spatial-temporal resolution for flow velocity measurements. Previous
studies have shown that liposomes are metabolized through phagocytotic uptake in the liver
and spleen.®® Cationic liposomes, similar to those used for this study have been widely
used for Jn vivo studies in mouse models and therapeutic delivery in humans.%6 These
liposomes have been found to accumulate at low levels in a variety of organs including the
lungs, kidneys, and liver and have shown no indication of toxicity.>’ Previous studies have
also shown that DNA-AgNCs are non-toxic to mammalian cells.>8-61 To further investigate
the biosafety of DNA-Ag;NC-loaded liposomes, the behavior and body weights of mice
were monitored after delivery of a mixture of loaded liposomes and FITC-Dextran. These
mice were monitored to determine any changes in movement, grooming, nest building,

and interactions with cage mates. The animals appeared alert and active when the lid

was removed (Figure S18a) and no abnormities were observed during daily hands-on
evaluations. Animals were weighed daily for 2 weeks and no abnormal change in weight
was observed (Figure S18b, ¢). We then extracted and sectioned several organs (brain,
heart, liver, spleen, and kidney) and stained them with hematoxylin and eosin (H&E) for
pathological analysis. No abnormal tissue, organ damage, or inflammatory lesions were
observed (Figure S19).

CONCLUSIONS

We have demonstrated that we can load DNA-Ag16NC into liposomes and measure cerebral
blood flow rates within individual capillaries in the complex vessel architecture of a live
mouse using two-photon /n vivo FCS. Encapsulating DNA-Ag;gNCs into liposomes did
not affect their optical properties but yielded nanoparticles that were sufficiently bright

to be detected with two-photon FCS. DNA-Ag1gNC exhibited NIR-1 emission and two-
photon excitation in the NIR-11 window, which are very desirable wavelengths for /n

vivo measurements because of the decreased autofluorescence from tissue compared to

the visible region where commonly used two-photon fluorophores emit. From control
experiments in a microfluidic device and live mice, we found that exciting at 1090 nm,
rather than at 1045 nm, yielded the most reliable two-photon FCS performance. With our
optimized excitation conditions and calibrated confocal lateral diameter, we monitored the
emission of DNA-Ag1gNC-loaded liposomes inside cerebral capillaries /n vivo and mapped
flow velocities with high spatial resolution. With recent demonstrations of DNA-AgNCs
exhibiting upconversion fluorescence, it would be interesting in future studies to explore the
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use of their anti-Stokes emission for /n vivo FCS, allowing for increased brightness and/or
reduced excitation intensities on top of a lower background.

EXPERIMENTAL SECTION
Synthesis and purification of DNA-Ag1gNC.

DNA-Ag16NCs were synthesized following a previously published procedure.3!

Briefly, silver nitrate (Sigma Aldrich, USA) and hydrated DNA with sequence 5’-
CACCTAGCGA-3’ (IDT DNA Technologies, USA) were mixed in 10 mM ammonium
acetate (NH4OAC) solution (pH 7), and the silver cations were then reduced by freshly
prepared NaBH, (Sigma Aldrich, USA) after 15 minutes. Three days later, the final mixture
was purified by high-performance liquid chromatography (HPLC), and the DNA-Ag1gNCs
fraction was collected after 17 minutes of elution. Finally, the solvent was exchanged to

10 mM NH4O0Ac by spin-filtration (3 kDa cut-off membrane, Sigma Aldrich, USA), which
further concentrated the DNA-Ag16NCs. The concentration of the DNA-Ag16NCs reported
in this paper was estimated based on the DNA absorbance.

Optical characterization of DNA-Ag16NCs.

The two-photon optical properties of DNA-Ag16NCs were characterized with an upright
confocal laser scanning microscope (LSM 880, Carl Zeiss, Germany). For the multiphoton
excitation and emission, at least 300 uL DNA-Ag1gNCs were trapped in an O-ring
sandwiched by two #1.5 coverslips. The multiphoton excitation spectra were acquired

with the LSM 880 microscope equipped with a tunable ultrafast laser (InSight X3, Spectra-
Physics, USA). A 760 nm long-pass dichroic mirror (BS-MP 760, Carl Zeiss, Germany)
was used to transmit the NIR laser (775 nm — 1100 nm), excite the DNA-Ag;gNCs and
reflect the emission to the GaAsP detector (BiG-2, Carl Zeiss, Germany). Also, a 10x/0.5
NA objective (Carl Zeiss, Germany) with a long working distance ensured the focus inside
the solution under the top coverslip. The excitation power was fixed at 3 mW, and emission
in the red emission channel (FF01-665/150, Semrock, USA) was collected with the FCS
module in the Zen Black 3.0 software. The excitation spectra of FITC-Dextran 70 kDa
(Sigma Aldrich, USA) and CF488-Dextran (Biotium, USA) were measured in the green
emission channel (BP 525-560, Carl Zeiss, Germany). Excitation power dependence studies
were conducted using the same settings. As for the emission spectra, both one-photon and
two-photon excitation were implemented for DNA-Ag15NCs and dextran conjugated dyes,
and the emission was collected with the Lambda mode in the same software.

Preparation of DNA-Ag1gNC-loaded liposomes.

The encapsulation of DNA-Ag;gNCs was conducted using a thin film hydration

method normally used for sSIRNA or mRNA delivery.52-64 First, cationic lipid
1,2-Dioleoyl-3-trimethylammonium-propane (DOTAP) and neutral lipid 1,2-Dioleoyl-sn-
glycero-3-phosphoethanolamine (DOPE) powders (Avanti, USA) were dissolved in
chloroform separately to make a 25 mg/mL stock solution. Then, 6 pmol DOTAP and 6
umol DOPE were mixed uniformly in a 4 mL amber vial. After that, the chloroform in
the lipid mixture was evaporated under nitrogen flow, leaving the dried lipids film at the
bottom of the vial. To encapsulate the DNA-Ag1gNCs into liposomes, 500 pL of 12.5 uM,
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22.5 uM or 37.5 uM DNA-Ag1NCs in 10 mM NH4OAc were added to the premade lipids
film. Next, the mixture was incubated at room temperature for 30 minutes and followed by
15 minutes of water-bath sonication and gentle vortex mixing. The synthesized multilayer
giant liposomes were extruded through a membrane (Whatman, USA) with a 50 nm or 100
nm pore size with a Mini-Extruder (Avanti, USA). After 21 back-and-forth extrusions, the
unilamellar liposomes, with the corresponding size, were generated. Finally, the synthesized
liposomes were purified by a size exclusion column with a 6,000 MW limit (BIO-RAD,
USA) and collected after the centrifuge.

Characterization of DNA-Ag1gNC-loaded liposomes.

A fluorescence microscope (BS-7000B, Bestscope, China) was adopted to visualize the
DNA-Ag;15NC-loaded liposomes. The DNA-Ag1gNC-loaded liposomes were diluted 100
times, and a 100 uL sample was dropped on a glass bottom dish. The liposomes settled
down at room temperature for 10 minutes, and the suspension was removed from the dish.
The fluorescence images were acquired by a 60x water immersion objective under green
light excitation. The size distribution of the liposomes was determined by NTA (Malvern
Panalytical, Netherlands). The synthesized and purified liposomes were diluted 50,000 times
so that there were around 40 liposomes/frame for accurate size measurements. Besides the
size characterization, the optical properties of the DNA-Ag;16NC-loaded liposomes were
also explored with the FlexStation 3 Microplate Reader (Molecular Devices, USA). A 50
pL solution of synthesized liposomes or DNA-AQ;gNCs was filled in the wells of a clear
Greiner 96-well microplate. The absorption spectra were measured from 450 nm to 650 nm
with a 5 nm interval, and fluorescence spectra were measured from 570 nm to 750 nm under
520 nm excitation.

Evaluation of DNA-Ag6NCs encapsulation.

Two-photon

Two methods were used to evaluate the encapsulation of DNA-Ag1gNCs into the liposomes.
First, the fluorescence intensity ratio8® was measured with the FlexStation 3 Microplate
Reader for the liposomes before and after the size exclusion column purification, which
indicated the loading ability of synthesized liposomes. The fluorescence intensities at 690
nm were collected for 100 nm and 50 nm liposomes, and the fluorescence intensity ratios
were calculated. The self-built total internal reflection fluorescence (TIRF) microscope was
then used to evaluate DNA-Ag;5NCs encapsulation. DNA-Ag;gNC-loaded liposomes were
further labeled by a lipophilic carbocyanine dye (DiD) by incubating the liposomes with

5 uM DiD at room temperature for 30 minutes. The labeled liposomes were then purified
with a spin column (G-25, cytiva, USA) to remove the free DiD molecules. A 561 nm

or 640 nm laser was used to excite, respectively, the DNA-Ag1gNCs or DiD, and the
emission was collected through a 673/44 nm band-pass filter (ET673/44, Chroma, USA).
The encapsulation could be qualitatively evaluated by assessing the degree of colocalization
from the TIRF images under 561 nm and 640 nm excitation.

FCS of DNA-Ag1gNC-loaded liposomes in the flow chamber.

The two-photon FCS analysis was conducted using the same experimental equipment (LSM
880, Carl Zeiss, Germany) used for the optical characterization of the DNA-Ag;gNCs.
The difference was that a water immersion objective (W Plan-Apochromat 20x/1.0,
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Carl Zeiss, Germany) with a larger numerical aperture (NA) replaced the one used for
measuring excitation and emission spectra. As for FCS analysis of static DNA-Ag1gNC

and loaded liposomes, the sample was held by an O-ring sandwiched by two #1.5

coverslips, and the emission intensity fluctuations inside the solution were recorded with

ten seconds acquisition and ten repetitions with the FCS module of Zen Black software.
DNA-Ag15NCs and liposomes were diluted to a single-particle level for FCS analysis. Then,
the autocorrelation functions of these particles were calculated and fitted with a 3D diffusion
model%6 in the same software:

1 1 1

T 2
1+ (nP
o \/1+(z(,) ™

@)

Where () is the number of molecules contained in the focal volume, and zis the

lateral diffusion time. 1y and 7 are the lateral and axial diameters of the confocal volume,
respectively. In contrast to the freely diffusing liposome measurements, FCS analysis of
liposomes under flow was performed inside a microfluidic flow chamber (stick-Slide/0.2
luer, ibidi, Germany; shown in Figure 3a). This chamber was connected to a syringe with a
known diameter by a tube, and the flow rates were controlled by a syringe pump (NE-1000,
New Era, USA). Similarly, the autocorrelation functions of DNA-Ag1gNC-loaded liposomes
under active flow can be described with a flow model considering the diffusion6:

s
(;(T)=L. 1. 1 e U4 2
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Here, zris the average residence time of the molecule crossing the confocal volume under
the flow, which is inversely proportional to the flow velocity (v if the lateral diameter (a)
is constant. Furthermore, the FCS fitting model could be simplified by ignoring the free

diffusion if the flow dominates the dynamic changes of the liposomes in the flow chamber:

ooy 2]

®3)
The lateral diameter (d) of the two-photon confocal volume could be calibrated and

extracted by varying the flow rates (@; 0.05, 0.1, 0.2, 0.3, 0.4, and 0.5 mL/min) of liposomes
under the same conditions.

©
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Where, the A, w and h are cross-sectional area, width, and height of the flow chamber and Q
is the set flow rate.

Animal preparation.

All animal experiments were conducted following the approved protocols and in conformity
with the guidelines of the Institutional Animal Care and Use Committee (IACUC) at the
University of Kentucky. All the mice were normally housed and fed for 9-12 months. The
health of the mice was assessed by their behaviors before the surgery, and these mice were
euthanized by cervical dislocation under anesthesia after the experiments.

Cranial window surgery.

A skull-opened cranial window was created for vasculature imaging and FCS measurements
in vivo. Several published protocols8’-70 were referenced and modified based on the
available equipment in our lab. First, the mouse was anesthetized with 3% isoflurane (Henry
Schein, USA) for induction in a plastic chamber connected to the low-flow Anesthesia
System (Kent Scientific, USA), and its breathing pattern was monitored until loss of
response to toe pinch. Then, the mouse was transferred to a warming pad with its head

fixed on a stereotactic apparatus by a pair of ear bars (Figure S15a). Next, eye ointment

was applied to its eyes to prevent drying, and 70% alcohol wipes were used to sterilize

the operating area. The isoflurane concentration and the mouse body temperature were
maintained at 2.0-2.5% and 36.5-37.5 °C during surgery, respectively. The skin and film
over the skull were removed by sterilized scissors and a blunt scalpel. A circle of 3-4 mm

in diameter was drawn using a dental drill on the parietal bone of the mouse and stopped
until the thin bone was left. After that, saline was dropped on the drilling area to lift the
skull from the dura, and the skull could be removed using forceps with an ultra-fine tip.

A gelatin sponge presoaked with saline could be used to stop minor bleeding from the

edge of the cranial window when removing the skull. The exposed brain was expeditiously
covered by a 5 mm round coverslip and sealed by cyanoacrylate glue (Loctite 416) at the
edge. A 3D-printed head holder (Figure S15a) was embedded on the mouse skull with
dental cement to immobilize its head on an apparatus during the imaging. Finally, the mouse
was transferred to the heating pad under the LSM880 microscope for imaging and FCS
measurements and supplied with 1.7-2% isoflurane.

Cerebrovascular visualizing dye and liposome delivery.

In total, a 100 uL mixture of FITC-Dextran 70 kDa (50 uM) and DNA-Ag1gNC-loaded
liposomes (30 uL) was delivered to the mouse by retro-orbital injection,’? yielding
concentrations similar to that in the flow chamber (1 uM of FITC-Dextran and single to
few liposomes in the confocal volume). The injection was implemented before the imaging
as the mouse was anesthetized. The FITC-Dextran 70 kDa was used to visualize the
cerebrovascular by two-photon imaging, and liposomes were monitored by /7 vivo FCS.

In vivo toxicities of DNA-Ag16NCs and DNA-Ag;16NC-loaded liposomes were assessed by
monitoring the body weights of control mice after administration for ten days. For this,
separate mice were used that did not undergo skull-opened imaging.
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In Vivo two-photon imaging of mouse cerebrovascular.

The cerebrovascular was imaged by the same LSM 880 microscope with a long working
distance water immersion objective (W Plan-Apochromat 20x/1.0, Carl Zeiss, Germany).
The cranial window of the mouse was adjusted to be parallel to the focal plane and be
centered from the eyepiece view. Then, the 920 nm laser (25 mW) was used to excite

the FITC-Dextran 70 kDa for vascular visualization, and the image was acquired in the
green emission channel (525-560 nm). A 3D image, 100 pm beneath the brain surface, was
created by scanning the selected area every 0.625 um in the z-direction, yielding a total
depth of 35 um with 56 layers. The maximum intensity projection (Figure S17) was adopted
from the 3D image to visualize all the capillaries that were not in the same focal plane. The
obtained images were further analyzed with Zen Blue 3.0 (Carl Zeiss, Germany) and Image
J software (NIH, USA).

In Vivo liposome monitoring and blood flow velocity quantification by FCS.

Based on the cerebrovascular images, DNA-Ag1gNC-loaded liposomes were monitored with
the FCS module in these vasculatures. Any point of interest in the image could be selected
and analyzed with two-photon FCS. These liposomes were excited at 1045 nm or 1090

nm, and the fluorescence intensity fluctuations in the vasculatures were recorded in the red
emission channel (590-740 nm). A short acquisition time (10 s) and repeated measurements
helped minimize the artifacts introduced by mouse breathing. The concentration and
residence time of the liposomes were obtained by fitting the autocorrelation functions. Then,
the blood flow velocity (v was calculated based on the calibrated lateral diameter and
liposome residence time:

QU

vy =—

®)

The DNA-Ag16NC-loaded liposomes inside vasculatures, including the arteriole, venules,
and capillaries, were monitored, and the blood flow velocities were mapped with two-photon
FCS.

In Vivo biosafety evaluation of DNA-Ag16NC-loaded liposomes.

The same amount (as used for /n vivo FCS experiments) of DNA-Ag;sNC-loaded liposomes
and FITC-Dextran was delivered by retro-orbital injection for three mice of the same type.
The behavior and body weights of these mice were monitored for 14 days. After 14 days,

the mice were perfused with 30 mL PBS and 50 mL 4% paraformaldehyde (PFA, thermos
scientific, USA) successively. Then, the main organs (brain, heart, liver, spleen, and kidney)
were dissected and stored in 4% PFA. The tissues were fixed in 4% PFA for 24 hours prior
to transfer to a 30% sucrose solution for 48 hours. The tissues were sectioned in a cryostat
(—18°C) at 30 um thickness and stained by hematoxylin and eosin (H&E). At last, the tissues
were dried completely and mounted to slides by mounting media. The tissue slides were
imaged by a 20x objective of a slide scanner (Axioscan, Zeiss, Germany).
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Figurel.

One- and two-photon optical properties of DNA-Ag15NCs and FITC-Dextran 70 kDa. ()
Normalized UV-Vis absorption and fluorescence spectra (Aex = 520 nm) of DNA-Ag;NCs.
Spectra have been adapted from Cerretani et al.*2 Adapted with permission from (Cerretani
etal., 2021). Copyright 2021 Tom Vosch. (b) Normalized two-photon excitation spectra of
12.5 UM DNA-Ag16NC and 6.3 uM FITC-Dextran with emission collected in the red/NIR

I channel (590-740 nm) and green channel (525-560 nm), respectively. The power was
kept constant (3 mW for DNA-Ag16NC and 5 mW for FITC-Dextran) at every wavelength.

Note that intensities can differ due to the wavelength-dependent diffraction limited spot size.

(c) Excitation intensity dependence of 12.5 pM DNA-AggNC and 6.3 uM FITC-Dextran.
Note that every DNA-Ag1gNC contains two DNA strands, and the concentration here refers
to the concentrations of DNA-Ag;gNC particles and dextran conjugates (FITC:Glucose

= 1:250). (d) Normalized emission spectra of 12.5 uyM DNA-Ag1gNCs and 6.3 pM FITC-
Dextran under one- and two-photon excitation. Note that the minor discrepancy between the
emission spectra of DNA-Ag;1NCs in (a) and (d) can be attributed to limited sensitivity of
the two-photon confocal setup detectors at longer wavelengths.
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Figure 2.
Characterization of liposomes loaded with DNA-Ag;gNCs. (a) Fluorescence image of 100

nm liposomes loaded with 12.5 uM DNA-Ag16NCs. (b) Size distribution and concentration
of synthesized liposomes. The DNA-Ag1gNC concentration was kept at 12.5 yM in all

three cases. (¢) Normalized absorption and (d) fluorescence spectra of DNA-Ag1NC-loaded
liposomes of different sizes. (e) Fluorescence intensity ratio before and after the size
exclusion column purification of 50 nm and 100 nm loaded liposomes from free DNA-
Ag16NCs. The fluorescence intensity ratios were calculated using emission at 680 nm,
before and after purification. The error bar represents the standard deviation of measured
ratios at 680+10 nm. (f) Emission intensity fluctuations of a 50 nM DNA-Ag;gNCs
solution, NH4OAc-loaded liposomes, and DNA-Ag1gNC-loaded liposomes under 1045 nm
two-photon excitation. Emission was collected in the red/NIR I channel (590-740 nm).
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Characterization of the liposomes loaded with DNA-Ag1gNCs in the microfluidic flow
chamber. (a) Schematic showing the flow chamber dimensions and flow direction.

Emission intensity fluctuations of (b) 10 mM NH4OAc and (c) liposomes loaded with
DNA-Ag15NCs in the flow chamber under 1045 nm excitation and 0.1 mL/min flow

rate. Note that only a 10 s section of a 100 s long time trace is shown here. (d) The
corresponding autocorrelation functions of liposomes loaded with DNA-Ag;gNCs. ()
Normalized autocorrelation functions of the DNA-Ag1gNC-loaded liposomes under different
flow rates (0.05 mL/min to 0.5 mL/min from right to left, as the green arrow shows). (f) The
proportional fitting curves of the liposome flow velocity as a function of 1/residence time.
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Figure 4.
Excitation wavelength optimization and lateral diameter calibration in the flow chamber.

(a) Schematic showing the mixture of liposomes and FITC-Dextran in the flow chamber.
Emission intensity fluctuations of 1 uM FITC-Dextran, 10 mM NH4OAc-loaded liposomes,
and their mixture in the flow chamber under (b) 1045 nm and (c) 1090 nm excitation

at a flow rate of 0.1 mL/min. Emission was collected from 590 nm to 740 nm (red/NIR

I channel). (d) Emission intensity fluctuations (in the red/NIR | and green channels) of

a mixture of 1 yM FITC-Dextran and 37.5 uM DNA-Ag1gNC-loaded liposomes in the
flow chamber under 1090 nm excitation at a flow rate of 0.1 mL/min. (e) Autocorrelation
functions of DNA-Ag;gNC-loaded liposomes and their mixture with FITC-Dextran under
0.1 mL/min flow at different excitation wavelengths. (f) Normalized autocorrelation
functions of the DNA-Ag16NC-loaded liposome under 1090 nm excitation at different flow
rates. The inset figure shows the proportional fitting curve of liposome flow velocity and
1/residence time.
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Figure5.

In vivo monitoring of liposomes loaded with DNA-Ag15NCs and cerebrovascular blood flow
velocity measurements. (a) Cerebral vascular image obtained in the green channel under 920
nm (25 mW) excitation in a mouse with nothing injected; the white asterisk indicates the
FCS position. (b) Emission intensity fluctuations in the red/NIR | channel under 1090 nm
(12 mW) excitation with nothing injected. (c) Schematic showing the cerebrovascular blood
flow after FITC-Dextran and DNA-Ag1NC-loaded liposome injection. (d) /n7 vivo images
of the mouse cerebral vasculature after FITC-Dextran and DNA-Ag;5NC-loaded liposome
delivery. Left: maximum intensity projection of the 3D image with 35 um thickness. Right:
enlarged capillary images. (e) Emission intensity fluctuations at the center of positions 1

and 7 under 1090 nm excitation. (f) The corresponding autocorrelation functions at the
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positions under 1090 nm excitation. For positions 1-6, the autocorrelation functions at the
center were represented. (g) Measured blood flow velocities at the center and wall of the
cerebrovascular. Data from arterioles locations were highlighted in red and venules in blue.
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Scheme 1.
Ilustration of the approach presented in this article for loading DNA-Ag;gNCs into

liposomes and measuring them in a flow chamber and the cerebrovascular network of a
living mouse.
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