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Abstract

We present the application of multiphoton in vivo fluorescence correlation spectroscopy (FCS) 

of fluorescent nanoparticles for the measurement of cerebral blood flow with excellent spatial 

and temporal resolution. Through the detection of single nanoparticles within the complex 

vessel architecture of a live mouse, this new approach enables the quantification of nanoparticle 

dynamics occurring within the vasculature along with simultaneous measurements of blood 

flow properties in the brain. In addition to providing high resolution blood flow measurements, 
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this approach enables real-time quantification of nanoparticle concentration, degradation, and 

transport. This method is capable of quantifying flow rates at each pixel with submicron resolution 

to enable monitoring of dynamic changes in flow rates in response to changes in the animal’s 

physiological condition. Scanning the excitation beam using FCS provides pixel by pixel mapping 

of flow rates with subvessel resolution across capillaries 300 μm deep in the brains of mice.

Graphical Abstract
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Cerebral blood flow (CBF) measurements provide critical information about physiological 

and pathological processes within the central nervous system (CNS). The complex 

microvascular network plays a fundamental role within the CNS, where neuronal activity 

regulates the flow of oxygen and nutrients.1,2 Understanding blood flow dynamics with high 

spatiotemporal resolution is essential for unraveling the role of vascular dysfunction in a 

variety of pathological processes.3,4 Ideally, flow rates could be quantified with subcapillary 

resolution, providing the capability to map flow rate cross-sections within individual vessels 

in order to distinguish between flow within the center vessel compared to that in the vicinity 

of the wall of the vessel. Existing methods for blood flow measurements using multiphoton 

laser-scanning microscopy (MPLSM) provide the capability to measure changes over time 

by utilizing high concentrations of fluorescent dyes in order to visualize vessels and produce 

a contrast with red blood cells (RBCs).4-6 However, multiphoton blood flow measurements 

have not achieved the same spatial and temporal resolution available for multiphoton 

imaging.7,8 This is in part because they are limited by the scan rate of the microscope 

and the requirement to track RBCs over a segment of the vessel, rather than providing a 

pixel-level readout of the flow rate.4,9

To date, several reports have demonstrated the use of fluorescence correlation spectroscopy 

(FCS) to measure the flow profiles and determine flow rates in microfluidic devices with 

high sensitivity.10-12 Microfluidic devices are often used in biomedical and chemical studies 

to model flow in systems like the vasculature. FCS is a solution-based technique that 
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is traditionally used to measure diffusion, surface binding, and molecular concentration 

in vitro.13-19 FCS depends on the detection of photons from molecules moving through 

a defined detection volume, and the subsequent correlation of the photon time trace 

yields a signature of fluorescence fluctuations related to molecules moving in and out of 

the focal volume.17,20 The size and shape of the focal volume depends on the optical 

setup, including the excitation wavelength and intensity, the numerical aperture of the 

objective, and the detection pinhole.21 FCS has been utilized for live cell measurements of 

protein diffusion, interactions between protein complexes, and subcellular localization.22-24 

Multiphoton excitation has also extended the utility of FCS applications.25-27 One critical 

application of FCS is the measurement of nanoparticle properties in solution including 

particle degradation, flow rates, and concentration.28-33 While fluorescent nanoparticles are 

regularly used as labels in live animals,34-36 including for blood flow measurements,37 

these studies are primarily limited to multiphoton imaging for particle tracking38,39 and lack 

the capability to quantify nanoparticle concentrations or monitor particle decomposition. 

Here, we aim to overcome the limitations of current methods for measuring nanoparticles 

in live animals in order to utilize a new approach for blood flow measurements in vivo 
by combining multiphoton excitation with fluorescence correlation spectroscopy (FCS), 

providing high spatiotemporal resolution measurements of blood flow rates in the CNS 

of live animals. This approach provides a high sensitivity method with the capability to 

quantify flow rates with pixel by pixel mapping across vessels while using only nanomolar 

concentrations of fluorescent molecules. In vivo multiphoton FCS simultaneously tracks 

nanoparticle concentration and provides the capability to measure dynamic changes 

including particle degradation that can be correlated to vessel size and locations within 

the brain. We applied this in vivo multiphoton FCS approach to mapping flow velocities 

across vessel sections at a subvessel resolution, where the flow rate and concentration of 

molecules can be measured in a single pixel (defined by the diffraction limited focal volume) 

and without the need for scanning.

We implemented in vivo FCS measurements using an upright multiphoton microscope with 

a tunable laser, with an emission spectrum from 680 to 1300 nm. Initially, we performed 

a series of calibration measurements with known volumetric flow rates and cross-sectional 

areas in a microfluidic chamber (Figure 1a and b). A representative photon-counting time 

trace and its autocorrelation curve for freely diffusing molecules, i.e., without flow, are 

shown in Figure 1c and d. After extracting the diffusion parameters in the absence of 

flow, we incrementally increased the flow rates, while measuring the residence time of the 

molecules within the focal volume. The flow rate dependent residence time was extracted 

from the FCS autocorrelation. The fluctuations of the fluorescence intensity I(τ) resulting 

from fluorescent molecules flowing through the focal volume were analyzed with the 

temporal autocorrelation function (eq 1):

G(τ) = 〈δI(t) × δI(t + τ)〉
〈δI(t)〉2 (1)

In the presence of flow, the fitting model of the autocorrelation function, G(τ), has the 

following form:
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G(τ) = 1
〈N〉

1
1 + τ

τd
1 + τ

S2τd

exp − τ
τf

2 1
1 + τ

τd
(2)

Here τd represents the diffusion time of the fluorescent molecules, τf denotes the average 

residence time of the molecule flowing through the focal volume, and N is the average 

number of particles in the detection volume. In the case where the diffusion is much slower 

than the flow rate (τd ≫ τf), the equation simplifies to

G(τ) = 1
〈N〉 exp − τ

τf

2
(3)

We calculated the residence time for a series of volumetric flow rates (flow volumes of 

0.4 to 1.0 mL/min) to extract the diameter of the focal volume (Figure 1e and f). We 

observed a diameter of 0.98 μm with a linear relationship between the residence times and 

the flow volume (Figure 1f). The flow rate was again measured with a series of fluorophores 

of different molecular weights to validate the consistency of the focal diameter and the 

residence time for a given flow volume (Supplementary Figure S1 and Supplementary 

Tables 1 and 2).

To investigate whether multiphoton excitation FCS has the capability to measure flow rates 

in vivo, we extended our studies to measure blood flow in the cerebrovasculature of live 

animals. Initial experiments were performed using a thinned-skull preparation to enable 

optical penetration into the mouse brain. Animals were intravenously injected with both a 

high concentration of labeled nanoparticle to visualize and image the vascular architecture 

and a low concentration of labeled nanoparticle used as an FCS tracker molecule to enable 

blood flow measurements. Multiphoton imaging from 100 to 300 μm deep revealed vessels 

ranging from capillaries (<10 μm) to much larger vessels. One of the major difficulties 

of implementing simultaneous multicolor FCS measurements and vascular imaging by 

two-photon excitation is selection of the fluorescently labeled nanoparticle. We compared 

several different fluorescent nanoparticles including FITC-dextran, rhodamine B-dextran, 

CF488-dextran, CF568-dextran, Quantum dots 605, Quantum dots 655, and polymer dots. 

Representative time traces and correlation curves for fluorescent probes are shown in 

Supplementary Figure S2. Because of their spectral separation, we utilized nanoparticles 

labeled with CF488 (excitation = 920 nm, emission = 515 nm) for FCS and rhodamine B 

(excitation = 820 nm, emission = 580 nm) for in vivo imaging studies.

To validate our ability to record flow rates, we positioned the FCS excitation beam in the 

center of a 20 μm vessel and recorded photon arrival events from a single location (single 

pixel measurement). Spikes in the reconstructed time versus intensity trace show clear bursts 

in the fluorescence signal corresponding to FCS tracker nanoparticles flowing through the 

focal volume. The flow velocity was then calculated from the extracted residence time 

and the calibrated focal diameter (see Supplementary Figure S3). These initial experiments 

validated our capability to perform simultaneous multiphoton FCS and multiphoton imaging 

Fu et al. Page 4

Nano Lett. Author manuscript; available in PMC 2021 August 30.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



in the brain of a live mouse and to extract velocity measurements at single pixels within any 

vascular region accessible through multiphoton imaging.

We observed that imaging and spectroscopy sessions longer than 1 h appeared to lead 

to leeching of the fluorescence out of the vessel into the surrounding brain parenchyma 

(Figure 2a). The molecular weight of the nanoparticle (250 kDa) is too large to effectively 

cross the blood–brain barrier, suggesting that the fluorescent label may be dissociating. We 

monitored nanoparticles using in vivo FCS at two time points—once shortly after injecting 

the FCS tracker nanoparticle and in the same location 1 h later. We observed decreased 

peak heights in the fluorescence bursts in the intensity time trace associated with the flow 

of nanoparticles through the focal volume within the vessel, indicating the dissociation 

of fluorophores (Figure 2b). The dissociation of dyes from the nanoparticles leads to 

an increased uncorrelated background signal that depresses the autocorrelation amplitude 

(Figure 2c). This suggests that the environment within the mouse circulatory system leads to 

the dissociation of fluorophores from the nanoparticle. These results also demonstrate that 

this approach provides the capability to monitor in vivo nanoparticle degradation. It further 

demonstrates that in vivo FCS can be used to monitor the concentration of nanoparticles in 

the bloodstream which could be used as a tool to dynamically measure nanoparticle half-life, 

particularly for nanoparticles with inherent fluorescence or with fluorophores that do not 

readily dissociate.

To evaluate the robustness of our spectroscopic approach, we determined the flow velocity 

in a series of vessels with diameters ranging from 5 to 20 μm (Figure 2d-g). Within a large 

field of view from a single frame of an x–y plane, we identified four branched vessels 

with diameters of 5.2, 8.9, 17.8, and 21.7 μm (Figure 2e). We then used FCS to measure 

flow rates in the center of each of these vessels. Vessel diameters and the corresponding 

flow velocities are indicated in the schematic in Figure 2e. Fluorescence time traces taken 

in each vessel show clear spikes (Figure 2f). The calculated flow velocities were extracted 

from the normalized fit of autocorrelations for each fluorescence time trace (Figure 2g). 

The raw autocorrelations and their associated fits are shown in Supplementary Figure S4. In 

line with the expected increased hydrodynamic resistance in smaller vessels, the capillaries, 

with diameters of 5.2 and 8.9 μm, displayed much slower flow rates (<1 mm/s) than the 

larger vessels. The scaling of flow rate with the diameter of the vessel further validates the 

sensitivity of our technique.

In addition to measuring flow rates in the center of vessels, we also measured the 

hydrodynamic profile of the flow rate across vessels to compare the flow in the center 

to that along the wall (Figure 3a). We first performed multiphoton imaging to identify a vein 

and an artery and then used FCS to measure at opposite walls and at increments across the 

vessel and build a flow velocity cross-section. The clearly defined shift in the autocorrelation 

across each vessel verifies that in vivo FCS provides the capability to measure subtle 

changes in flow rates and can map flow rates with subvessel resolution (see Figure 3b and d 

and Supplementary Figures S5 and S6). The lateral extension of the multiphoton excitation 

volume of ~0.98 μm enables five independent pixel measurements across even the smallest 

vessel observed here (~5 μm). As predicted by laminar flow, the cross-sectional velocity 

analysis revealed that blood flow through the center of the vessel is larger than at locations 
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near the vessel wall (Figure 3c and e). To better visualize the motion of the blood flow 

with subvessel resolution, we also used FCS to measure flow rates within the xy plane 

across segments of vessels. This allowed us to build a two-dimensional (2D) map of flow 

rates within a plane across the width of the vessel which is indicated by the heat map 

overlaid on the segments of each vessel (Figure S7). The heat map clearly shows the higher 

velocity in the center of the vessel along the entire segment. It further shows that the high 

spatial resolution of this approach allows us to perform subvessel resolution measurements, 

providing a map of the velocity within a vessel.

To further characterize flow rates in complex vessel geometries, 2D cross-sectional flow 

profiles were mapped by performing FCS at multiple points within a plane perpendicular to 

the flow direction before and after a vessel branch (Figure 4a). We positioned the FCS beam 

and monitored the flow rate of FCS tracker nanoparticles through the focal volume near 

walls at the top, bottom, and both sides within a cross-sectional plane. We also collected data 

from the center of the vessel. The velocity profiles were extracted from FCS autocorrelations 

from each location (Figure 4c and e and Supplementary Figure S8) and represented on the 

color-coded map of the cross-section (Figure 4b and d). There was a consistent decrease 

in the flow rate at the edges of the vessel. The two locations measured here were in the 

same vessel before and after a branch. The branch had a significant effect on the flow rate 

observed over the entire cross-section where we saw roughly a 30% change in the flow rate 

contralateral to the branch. This illustrates the capability of in vivo FCS to detect subtle, 

anatomical changes in flow rate dynamics.

We next utilized in vivo FCS to monitor physiological dependent dynamic changes in blood 

flow rates. We identified a region approximately 300 μm deep in the brain with branched 

vessels. We then monitored the baseline flow rate using FCS at two locations (Figure 

5a and b). The heart rate was then increased by modifying the level of anesthesia while 

simultaneously recording FCS measurements and monitoring the heart rate. Concurrent with 

the increased heart rate, we observed a corresponding increase in the blood flow rate at both 

locations (Figure 5c). The autocorrelation curves for the two positions (Figure 5d and e and 

Supplementary Figure S9) also show clear shifts revealing the capability of high sensitivity 

measurements for monitoring dynamic changes in flow rates.

The presented results demonstrate that tracking nanoparticles in the vasculature provides 

the capability to monitor flow profiles at subvessel resolution and dynamic changes in 

CBF within live animals. This approach relies on the combination of multiphoton in vivo 
imaging with FCS measurements. Two-photon excitation leads to an increased penetration 

depth in live tissue and significantly reduces scattered light, which enables the detection of 

nanoparticles in vessels hundreds of microns into the brain.

In conclusion, we introduce an approach that adapts multiphoton in vivo FCS of 

nanoparticles for blood flow measurements with subvessel resolution. This technique affords 

real-time measurements with high spatial and temporal resolution for mapping 2D and 3D 

flow velocities and to study flow dynamics over time. The ability to measure flow velocity 

at each individual pixel provides improved sensitivity (nM concentrations) as well as higher 

spatial and temporal resolution over existing techniques. In vivo FCS uniquely enables 
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the measurement of blood flow dynamics in microvessels, allowing potential investigations 

of blood–brain barrier disruption, neurovascular coupling, and flow dynamics in models 

of neurodegenerative diseases. This technique would be amenable to a wide range of 

nanoparticles that require low energy and low intensity excitation such as upconversion 

lanthanide nanoparticles.40 Additionally, this approach can be used to monitor the properties 

of nanoparticles in the circulatory system including particle half-life and degradation. The 

development of in vivo multiphoton FCS enables the measurement of capillary blood flow 

rate changes of ~0.05 mm/s with a spatial resolution of 1 μm, thus providing a new 

capability to perform real-time measurements of cerebral blood flow rates.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Two-photon fluorescence correlation spectroscopy (FCS) calibration. (a) Schematic drawing 

of the multiphoton in vivo FCS setup through a glass slide covered flow chamber. (b) 

Schematic and dimensions of the microfluidic device. (c) Fluorescence intensity time 

trace recorded from freely diffusing CF488-Dextran 250 kDa. (d) The corresponding 

autocorrelation function (ACF) (G(τ)) reveals the diffusion properties of CF488-Dextran 

250 kDa. (e) Normalized ACFs resulting from different rates of flow in the microfluidic 

device which was used to calibrate the optical setup. We tested a series of flow rates (0.4, 

0.6, 0.8, and 1.0 mL/min) with CF488-Dextran 250 kDa to extract the residence times. (f) 

Flow velocities with measured flow residence times show a linear relationship, which yields 

a calculated focal lateral diameter of 0.98 μm for the optical setup.
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Figure 2. 
Nanoparticle concentration and flow rates in the brain. (a) Representative image of 

fluorescent nanoparticle leakage out of the vasculature after 1 h. (b) Merged fluorescence 

intensity time traces recorded in the same vessel showing an initial time trace directly 

after injection (red) and 1 h later (blue). (c) The corresponding ACFs (G(τ)) show the 

different concentrations of fluorescent nanoparticles at two time points (color matched to 

part b). (d) 2P image of fluorescently labeled cerebral vasculature from a thinned-skull 

preparation. (e) Diameter and blood flow velocity measurements of the vascular network 

traced from part d. We observed the expected scaling of the flow rate with the diameter of 

the vessel. (f) Two representative fluorescence intensity time traces recorded from a large 

vessel (21.7 mm diameter, orange) and a capillary (5.2 mm diameter, pink) from part d. (g) 

The corresponding ACFs (G(τ)) show the different flow velocities in different vessels (color 

matched to part e).
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Figure 3. 
2P-FCS measurements of subvessel resolution blood flow velocities. (a) 2P-FCS enables 

measurements of subvessel resolution blood flow velocity. A cross-section profile of the 

flow velocity of an artery or vein is generated by sequentially measuring across the vessel 

with the FCS detection pixels indicated with orange stars (artery) or blue circles (vein). 

(b) Corresponding ACFs (G(τ)) at five points across the vein. Similarly, part d shows 

corresponding ACFs (G(τ)) at six points across the artery. Parts c and e show blood velocity 

profiles across the width of blood vessels. Velocities were determined at five points across 

the width of a vein (c, blue) and six points across an artery (e, red). Error bars are standard 

errors of mean (SEM) calculated from six measurements at the same position.
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Figure 4. 
2D cross-sections of flow velocity profiles. (a) Representative 2P image of a blood vessel 

with a branch. (b and d) Results of two-dimensional cross-section blood flow velocity 

profiles. Brown and orange plots corresponding to 2D blood flow velocity profiles before 

and after the branch. The heat map corresponds to the flow velocity (see key: green to red, 

0.5 to 3.5 mm/s). (c and e) Corresponding ACFs (G(τ)) show the different flow velocities in 

the cross-section of the vessel.
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Figure 5. 
Dynamic changes of blood flow velocity. (a) Representative 3D reconstruction of the 

vascular network. (b) The zoomed-in version of the yellow box from the full field of view 

3D image. The boxed area is the vessel that can be seen 30 μm below the bright vessel in 

the 3D image. (c) Representative blood flow dynamics due to changes in heart rate at two 

locations indicated in part b. Parts d and e show representative ACFs for different heart rates. 

The orange and green figures correspond to the two locations indicated in part b.
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