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Significance 

Brain capillary injury is a 
common feature of aging and 
many neurological disorders. 
While a single capillary lesion 
may appear inconsequential, the 
cumulative effect of repeated 
and spatially dispersed capillary 
insults can lead to substantial 
brain dysfunction. Understanding 
how single capillary injuries 
contribute cumulatively to 
long-term brain damage requires 
tools that can precisely target 
individual capillaries in the living 
brain. Here, we introduce an 
optical method based on a 
light-activatable compound to 
selectively injure single brain 
capillaries with high spatial 
accuracy. Our method enables 
detailed, longitudinal studies of 
capillary repair, blood flow 
recovery, local oxygen dynamics, 
and glial responses following 
microvascular injury. 

The ability to induce endothelial cell (EC) damage in the mouse brain with high spa-
tial precision is invaluable for mechanistic studies of brain capillary injury and repair. 
Here, we introduce an optical method, termed Endothelial Cell guided obliteration 
(ECgo), that utilizes a two- photon- excitable porphyrin-based photosensitiz er (Ps2P) 
to selectively obliterate single ECs within the brain microvascular network. Using the 
developed approach, we were able to induce occlusions of single capillaries with high 
spatiotemporal control, while preserving the surrounding tissue. Combined with lon-
gitudinal two- photon imaging, ECgo enables studies of morphological and functional 
consequences of targeted single capillary EC injury in  vivo under healthy and diseased 
conditions. 

cerebral blood flow | brain capillaries | microstroke | porphyrins | photodynamic therapy 

 Brain capillaries constitute over 80% of the cerebral vasculature and are essential for 
maintaining proper brain function. While occlusions of penetrating arteries and ascending  
veins can disrupt blood supply and homeostasis in large brain tissue regions (1–5), the 
impact of single capillary injury and subsequent occlusion remains understudied. Notably,  
capillary occlusions have been observed in patients with cerebrovascular and neurological 
conditions, including stroke (6, 7), cerebral microinfarcts (8, 9), Type 1 diabetes (10, 11), 
vascular dementia (12), and Alzheimer’s disease (13, 14), underscoring the need for a 
better understanding of their pathophysiology. Furthermore, microvascular pathology is 
hypothesized to both precede and contribute to age-related cognitive decline and neuro-
degenerative conditions (15, 16). 

 Multiple experimental approaches have been used to induce capillary occlusions, includ-
ing vascular injection of small occlusive microspheres (17–19) as well as optical methods, 
such as laser-induced injury (11, 20, 21) and photothrombosis using Rose Bengal (22–24).  
However, these approaches lack the ability to create microvascular lesions with sufficient 
spatiotemporal accuracy, frequently leading to extensive nonlocal vascular injuries. 
Achieving precise, single-capillary occlusion in the living mouse brain remains technically 
challenging, hindering efforts to explore the molecular and cellular dynamics of capillary 
injury and repair across the interconnected neuron–glia–vasculature network. 

 Here, we report the development of a technique termed Endothelial Cell guided oblit-
eration (ECgo) that allows targeting of single capillaries by inducing endothelial cell (EC) 
damage with high spatiotemporal control. ECgo makes use of a two-photon-excitable 
photosensitizer (termed Ps2P ), based on the Zn complex of tetraarylphthalimidoporphyrin  
(TAPIP), which is closely related, both structurally and spectroscopically, to the two-photon  
(2P) oxygen probe Oxyphor 2P developed by us previously (25). Unlike in disease-progressed  
states, where multiple capillaries are already damaged, ECgo makes it possible to create a 
single brain capillary occlusion to investigate its early impact, while avoiding the com-
plexity of widespread vascular injury. 

Results 

Development of the Two-Photon Photosensitizer  Ps2P.  Photosensitization processes and  
associated cell damage underpin photodynamic therapy (PDT), an established clinical modality  
(26, 27). The photodynamic effect (Fig.  1A) entails photoexcitation of a photosensitizer  
compound (Ps), usually to its lowest singlet excited state (S1), followed by a fast (pico- to  
nanosecond) intersystem crossing (isc) with the formation of the Ps triplet state (T1). The T1  
state is usually long-liv ed (µs), and, therefore, prior to its spontaneous deactivation (associated  
with rate constant k in Fig. 1A), it can undergo diffusional encounters and subsequent reactions  D
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Fig. 1.     (A) Energy diagram showing one- photon (1P) (hω1) excitation of a photosensitizer to its lowest excited singlet state (S1), followed by the isc  to the triplet 
state (T1), which reacts with  biomolecules (RH) directly (Type I PDT), or sensitizes molecular oxygen, which subsequently reacts with biomolecules (Type II 
PDT), causing their damage. The 2P excitation pathway as shown (2 × hω2; marked in red) is characteristic of porphyrins structurally similar to ZnTAPIP, in 
which the lowest 2P active state Δ  is located energetically above the Q state (S1), but below the B  state. (B) Structure of the photosensitizer Ps2P. The parent 
Zn tetraarylphthalimidoporphyrin (ZnTAPIP) is shown in blue. (C) 1PA and 2PA spectra of ZnTAPIP in N- methylpyrrolidone (NMP) (blue) and Ps2P  (red). 1PA 
spectrum of Ps2P  was recorded in aq. buffer (pH 7.3), while its 2PA spectrum was measured in D2O. (D) Fluorescence spectra of ZnTAPIP in aerated NMP (blue) 
and Ps2P  in aerated aq. buffer, pH 7.3 (red) (λex  = 620 nm). The integrated emission intensities are normalized to unity. Inset: phosphorescence of ZnTAPIP in 
deoxygenated NMP. (E) Singlet oxygen emission sensitized upon irradiation of Ps2P in D2O at 475 nm. 

with molecules in the environment. Direct interactions of the triplet  
with biological molecules (shown as RH in Fig.  1A; where RH  
represents a generic organic substrate, and RH* refers to damaged,  
usually oxidized, species) fall under the umbrella of reactions classified  
as PDT Type I [electron transfer processes (28)]. Since both the  
biomolecule and the sensitizer are typically large, slowly diffusing  
species, this mechanism usually requires close proximity of the Ps  
molecule to a biological target prior to photoexcitation. 

 Another more common mechanism, known as PDT Type II,  
involves energy transfer from the Ps triplet to the ground state molec-
ular oxygen (3O2) , resulting in the conversion of the latter to its singlet  
state. Singlet oxygen (1O2) is a rapidly diffusing, highly r eactive species  
[lifetime ~3.5 µs in H2O  at ambient temperatures (29)] that can  
readily oxidize almost any molecule in the biological milieu. Thus,  
contributions of Type I via direct oxidation of organic targets and  
Type II pathways to the overall photodamage depend on the availa-
bility of O2, with  Type II being the dominant pathway under nor-
moxic conditions. 

The  combination of photosensitization with 2P excitation gives  
rise to a 2P photodynamic effect (30, 31), whereby 2P excitation 
makes it possible to confine photodamage to the immediate vicin-
ity of the laser focus, permitting targeting of microscopic regions 
many microns deep in the tissue. For example, 2P excitation of a 
popular sensitizer Rose Bengal has been used to create targeted 
damage in the brain (3, 4, 32). 

 Porphyrins and phthalocyanines form a prominent group of  
photosensitizers due to their well-documented ability to generate  
triplet states (33). However, thanks to their centrosymmetric struc-
tures, regular cyclic tetrapyrroles typically possess extremely low  

two-photon absorption (2PA) cross-sections in the spectral region  
suitable for in  vivo optical excitation. Much effort has been devoted  
over the years to the enhancement of 2PA in porphyrins and related  
compounds. A number of molecular systems have been developed  
that are able to act as efficient 2P absorbers and simultaneously  
singlet oxygen sensitizers. One relevant example is a porphyrin dyad  
with the peak 2PA cross-section (σ(2)) of ~17,000 GM at 920 nm  
(Göppert-Mayer units: 1GM = 10−50 cm4  s), which has been suc-
cessfully used to occlude a single pial artery in the brain (34). 

2 of 10  pnas.org  https://doi.org/10.1073/pnas.2513515123

 In our previous work, we used aromatic π-extension combined  
with substitution by electron-withdrawing groups as a means to  
stabilize 2P-active gerade  symmetry states (g -states) in porphyrins,  
creating compact, highly 2P-active porphyrinoids (35, 36). The  
Pt(II) complex of one such porphyrin, Pt tetraarylphthalimidopor-
phyrin (PtTAPIP), was used to construct a high-performance  
2P oxygen probe Oxyphor 2P (25). Due to the strong heavy  
metal-induced spin–orbit coupling, S1 → T1 isc (Fig. 1 A) in Pt and  
Pd porphyrins is extremely fast (picoseconds), and the triplet states  
are formed with nearly unity efficiency. However, the same spin– 
orbit coupling accelerates both radiative and nonradiative decays  
(rate constant k in Fig. 1 A) of the triplet (T1 → S0), effectively 
shortening its lifetime, which varies from tens to hundreds of micro-
seconds (µs) for e.g., Pt and Pd TAPIPs, respectively (36). We rea-
soned that using a lighter metal, such as Zn, could be beneficial for  
photochemical reactions involving the triplet state (both Type I and  
II pathways; Fig. 1 A) since weaker spin–orbit coupling should elon-
gate the T1  lifetime and thus increase the probability of diffusional  
encounters and subsequent photochemical transformations.  
Importantly, Zn is still able to promote efficient S1 → T1 isc in D
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porphyrins (albeit not as efficient as heavier metals) while not fully  
eliminating fluorescence, which is instrumental for imaging pho-
tosensitizer distributions in biological tissue. 

 The structure of the 2P photosensitizer developed in this work, 
termed Ps2P , is shown in Fig. 1 B. Ps2P  is ZnTAPIP modified at 
the periphery with eight glutamic acid residues. The electronic 
absorption spectrum of the parent porphyrin, recorded in NMP, 
shows a familiar pattern consisting of two narrow transitions, Q 
(662 nm) and B or Soret (475 nm) bands, which are bathochro-
mically shifted compared to the respective transitions of Pt and 
Pd TAPIPs (36). The 16 carboxylate groups are able to solubilize 
P s2P  in aqueous media, although the corresponding absorption 
spectrum (Fig. 1 C) clearly shows signs of aggregation, manifested 
by broadening and bathochromic shifts of the absorption bands 
(490 and 673 nm for B and Q bands, respectively) relative to the 
spectrum of the parent porphyrin (Fig. 1 C). 

 The 2PA spectrum of Ps2P   was measured in D2 O, which has 
significantly weaker absorption near 900 to 1000 nm. The key 
spectral feature is the transition to a strongly 2P-allowed state (λmax 
~ 1020 nm), which is reminiscent of the bands seen in the 2PA 
spectra of Oxyphor 2P (25) as well as of parent Pt and Pd TAPIPs 
(36). This g -symmetry state, termed Δ-state (37), is forbidden for 
1P excitation, since the ground state in ZnTAPIP is also a g- state. 
Hence, the Δ-state is not seen in the 1PA spectra. The energy of 
the Δ-state is below that of the 1P-allowed B (Soret) state. The 
strong 2PA to the blue of the Δ-peak allowed us to carry out 
efficient off-peak 2P photosensitization and oxygen measurements  
using Oxyphor 2P without changing the laser wavelength. The 
2PA maximum of Oxyphor 2P is near 960 nm, while at 1020 nm,  
its absorption is very low (25).

 Both Ps2P  and its parent ZnTAPIP exhibit prompt and ther-
mally activated (E-type) delayed fluorescence (TADF). In aerated  
NMP, ZnTAPIP fluoresces (λmax   = 665 nm) with a quantum yield 
(ϕfl ) of 0.14, showing a clear single-exponential fluorescence decay  
(τfl   = 1.81 ns). Upon deoxygenation, the fluorescence quantum  
yield rises up to 0.46, and an additional band emerges (λmax  = 806  
nm; Fig.  1D, Inset) , which corresponds to  T1 → S0 phosphorescence 
(ϕphos ~  0.015). The triplet lifetime obtained from either TADF  
(665 nm, S1 → S0) or phosphor escence (806 nm, T1 → S0) decays 
was found to be ~9.4 ms, suggesting that the triplet of ZnTAPIP  
is efficiently quenched by O2. I ndeed, no traces of emission could  
be detected in air-saturated solutions. 

The fluor escence quantum yield of Ps2P in aerated PBS (phosphate   
buffer saline) was found to be reduced to 0.02, and the emission decay,  
which became profoundly nonsingle exponential, was considerably  
shortened (τav  = 0.66 ns,  λmax  = 695 nm). The r eduction in fluores-
cence is likely caused in part by aggregation. Indeed, upon dissolving  
 Ps2P  in PBS containing bovine serum albumin (BSA; 4% by weight),  
the spectral bands sharpened over time, and the fluorescence quantum  
yield increases by more than threefold, reaching ~0.07, showing that  
BSA helps to prevent the aggregation of Ps2P  and suggesting that in  
the blood Ps2P  is predominantly bound to albumin and/or other  
hydrophobic/amphiphilic components. From a practical point of  
view, the fluorescence of Ps2P  is highly instrumental for visualizing  
its distribution in the vasculature. 

 Upon deoxygenation, the fluorescence quantum yield of Ps2P  
(in PBS) increases by ~10% (to ~0.022), and a long-lived emission  
(detected near 700 nm) appears with a lifetime of ~1.2 ms. While  
the phosphorescence of the Ps2P band could not be detected explicitly ,  
the long-lived decay is most certainly a signature of its triplet state,  
which gives rise to the delayed fluorescence via reverse isc (T1 → S1). 

 To verify that Ps2P  is capable of a Type II photodynamic action,  
 1O2  emission was recorded upon irradiation of a Ps2P  solution at   
475 nm (Fig. 1 C). The quantum yield of 1O2   was found to be   

~0.2 {measured against standard sensitizer Eosin [ϕ(1O2 ) = 0.58]}  
(38). Given its relatively hydrophobic nature, Ps2P  is likely to be  
bound to albumin and other proteins in the blood, but it could also  
be partially partitioned into the membranes of the ECs lining the  
capillaries. As such, upon photoexcitation, Ps2P could dir ectly engage  
in photochemical processes with lipids and proteins in its vicinity  
according to the Type I mechanism. Importantly, the differences  
between the photophysical pathways leading to the triplet state upon  
2P vs. 1P excitation have no effect on photodynamic efficiency, which  
usually simply scales with the number of photons absorbed, and hence  
it is proportional to the excitation rate at a selected wavelength.  

Ps2P Enables Targeted Capillary Occlusion in the Brain. Having  
characterized the chemical and photophysical properties of Ps2P, we  
next sought to evaluate its potential as a 2P excitable photosensitizer  
for inducing single capillary occlusions in the mouse brain. To  
visualize the vascular network, we first intravenously injected the dye  
Texas Red-dextran (70 kD a, 2.5% in aq. NaCl). Blood vessels were  
mapped through the cranial window at successive depths in the cortex,  
and the resulting images were used to construct a maximum intensity  
projection (MIP) image. Using the MIP image, several capillaries were  
selected for targeted occlusion based on their diameter (3 to 6 μm)  
and the depth from the surface (50 to 200 µm). In order to induce  
localized injury, Ps2P was injected intravenously (Fig. 2A) through a  
tail vein catheter (3 mg/mL in PBS; estimated blood concentration  
30 μM; assumed blood amount 0.078 mL/g body weight) and  
2P-ex cited by scanning the laser focus along the vessel midline of a  
selected capillary (2 to 3 μm- long line, average power 30 mW under  
the objective, 960 nm), until blood flow ceased. Red blood cell (RBC)  
velocity (VRBC) in the capillary was measured before and after the  
irradiation scan (Fig. 2 A–C). The first indication of the injury was  
detected as a slow- down and subsequent cessation of RBC passage  
through the capillary, occurring on average ~60 s after the start of  
irradiation (Fig. 2 A–C). Note that in our experiments, irradiation was  
carried out at 960 nm, which is off- peak in the 2PA spectrum of Ps2P  
(λmax  = 1,020 nm), because of potential concurrent or multiplexed  
2P phosphorescence lifetime imaging of oxygen using Oxyphor 2P  
(25), whose 2PA maximum is at 960 nm. 

 In the absence of  Ps2P o r other dyes, even prolonged irradiation  
(300 s; other irradiation parameters unchanged) did not lead to 
capillary occlusion and/or injury, as verified by label-free THG 
imaging (Fig. 2 E) (39, 40). Similarly, irradiation in the presence 
of conventional intravascular dyes, e.g., Texas Red-dextran (2.5% 
in aq. NaCl; 70 kDa), FITC dextran (2.5% in aq. NaCl; 70 kDa),  
or quantum dot-based vascular marker (Qtracker655™; 2 μM), 
under identical conditions (300 s, 30 mW under the objective, 
960 nm), resulted neither in a reduction in VRBC  nor in capillary 
stalling (25 capillaries tested; Fig. 2  F and G). 

 The key practical advantages of Ps2P  were revealed in comparative  
tests against a commonly used photosensitizer Rose Bengal, whose  
2PA spectrum was measured in independent experiments. To facil-
itate the comparison, irradiation was carried out using the same  
wavelength and laser power (1040 nm, 30 mW under the objective),  
while the concentrations of the sensitizers were adjusted, so that  
their 2P-absorbances matched at 1040 nm, where the 2PA  
cross-section of Ps2P is ~20 times larger than that of Rose Bengal.  
A much higher 2PA cross-section throughout the entire near-infrared  
region is the first marked advantage of Ps2P  over Rose Bengal  
(SI A ppendix,  Fig. S2 C), allowing for lower concentrations of the  
dye to be used in photosensitization experiments. 

U nder matched excitation conditions (λex  = 1040 nm, concen -
trations adjusted according to the 2PA cross-sections, equal laser  
power), irradiation using either Ps2P or Rose Bengal led to capillary  
occlusions without rupture or any other detectable collateral damage  
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Fig. 2.     (A) Cartoon illustrating injection of Ps2P  and representative 2P fluorescence images of a capillary pre-  and post irradiation. The white arrowhead points 
at the occluded capillary segment. (Scale bar, 10 μm.) (B) Representative maximum intensity 30-µm-z -projections  of a capillary pre-  and post irradiation and 
occlusion with corresponding position of line scans (yellow = irradiation scan, cyan = flow scan). The line scan kymographs (shown within cyan rectangles,  
x = distance, t = time) confirm the presence (Top) or absence (Bottom) of blood flow. (Scale bar, 10 μm.) (C) Sequential line scan kymographs depicting a gradual 
reduction of blood flow to the point of full cessation at 70 s from the irradiation scan. (D) Duration of irradiation required to induce occlusion, with individual 
points representing individual capillaries (N = 3, n = 19). Mean ± SEM. (E) Left: Representative third harmonic generation (THG) images with the corresponding 
line scan kymographs (shown within cyan rectangles; x = distance, t = time) obtained in the absence of any dye. (Scale bar, 10 μm.) Right: No reduction in blood 
flow was detected (n.s., two- tailed paired t  test; N = 3, n = 11). (F) Left: Control experiments using dextran- bound dyes (70 kDa) with the corresponding flow scans 
(shown within cyan rectangles, x = distance, t = time). (Scale bar, 10 μm.) Right: No reduction in blood flow was detected: red points = Texas Red-dextran  (70 kDa; 
N = 2, n = 9), green points = FITC- dextran (70 kDa; N = 1, n = 3) (n.s., two-tailed  paired t  test). (G) Left: Control experiments using quantum dots Qtracker655™ 
with the corresponding flow scans (shown within cyan rectangles, x = distance, t = time). (Scale bar, 10 μm.) Right: No reduction in blood flow was detected (n.s., 
two- tailed paired t test; N = 4, n = 13). N = number of animals, n = number of capillaries. n.s. = not significant. 

(SI A ppendix,  Fig. S2  H and J). However, following intravenous  
injection, the fluorescence of Ps2P   remained stable throughout the  
imaging period, whereas Rose Bengal was rapidly cleared from   
the vasculature, as evidenced by a steep decline in its fluorescence  
within 5 to 10 min after injection (SI A ppendix,  Fig. S2  A and B).  
Substantially longer vascular retention, appropriate for carrying out  
multiple occlusions and ensuing compatibility with longitudinal  
imaging are other distinct advantages of Ps2P. I mportantly, irradi-
ation at 1040 nm in the absence of Ps2P or R ose Bengal did not  
induce capillary occlusion or alter VRBC (SI A ppendix, Fig. S2 D). 

Irradiation in the Presence of Ps2P Leads to Blood Flow Stalling  
and EC Injury, but Not Clot Formation.  Next, we sought to gain  
insight into the mechanism behind capillary blood flow stalls  
induced by photodynamic treatment using Ps2P. Vascular occlusions  
are commonly driven by i) thrombus formation, particularly in large  
vessels, or ii) stalling of blood cells in brain capillaries (6, 7, 10, 13, 
14, 41). First, we tested whether capillaries irradiated in the presence  
of Ps2P  showed signs of platelet activation or fibrin aggregation.  
Animals were pretreated with anticoagulants, such as aspirin,  
heparin, or clopidogrel, before irradiation, assuming that if stalling  
were to occur as a result of thrombus formation, anticoagulants  
would reduce its occurrence. However, capillary occlusion occurred  
in 90% of aspirin- , 94% of heparin- , and 100% of clopidogrel- 
treated capillaries (Fig. 3 A and B). Furthermore, we tested whether  
a recombinant tissue plasminogen activator (rtPA), an U.S. Food  
and Drug Administration- approved thrombolytic drug, injected   
30 min after the occlusion, could restore blood flow. In all cases, rtPA  

did not lead to capillary recanalization, confirming that capillary  
stalls in our model are not due to fibrin- driven intravascular clot  
formation (Fig. 3 A and B). 

N ext, we tested whether capillary stalls were caused by a specific  
type of transiting cells. Leukocytes, platelets, and RBCs were labeled  
using well-established cellular markers Rhodamine 6G, Hoechst  
33342, and Alexa Fluor 488 TER-119 (Fig. 3 C). Leukocytes exhib-
ited dual staining with Rhodamine 6G and Hoechst 33342 (6);  
platelets were stained with Rhodamine 6G only, and RBCs were  
labeled with Alexa Fluor 488 TER-119. In addition, Texas  
Red-dextran was injected to label the blood plasma. Subsequent  
capillary irradiation in the presence of Ps2P   led to clogging of cap-
illaries by individual cells, including leukocytes, RBCs, or platelets  
(Fig. 3 C). However, the stalling cells were random, and no specific  
cell type could be identified as the cause of the occlusion. Instead,  
upon irradiation and the resulting decrease in blood flow, transiting  
cells became lodged in the capillary segment adjacent to the irradi-
ation site, contributing to the resulting capillary occlusion. 

 Having demonstrated that capillary occlusion in our model does  
not result from classical intravascular coagulation pathways, we  
turned our attention to vessel wall injury, specifically endothelial  
injury, as a potential underlying mechanism. Using Claudin5- 
enhanced green fluorescent protein (EGFP) endothelial reporter  
mice, we analyzed EC morphology before and after irradiation.  
Indeed, we observed EC damage at the site of irradiation in the  
targeted capillary (Fig. 3  D and E), suggesting that the capillary  
occlusion was likely caused by local EC injury rather than by intra-
vascular clot formation or blood cell stalling. Detailed observations  
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Fig. 3.     (A) Quantification of patent capillaries subjected to irradiation in the presence of Ps2P, either pretreated with anticoagulants to prevent occlusion or 
posttreated with rtPA to promote recanalization. All treatments failed to prevent blood flow cessation or to restore blood flow, respectively. (B) Reduction in 
blood flow upon capillary irradiation in the presence of anticoagulant drugs (Left): Aspirin (N = 2, n = 10), heparin (N = 3, n = 17), clopidogrel (N = 4, n = 11) 
or blood flow recovery following reperfusion therapy with rtPA (N = 2, n = 8; Right). Points represent single capillaries. (C) Representative 2P images showing 
stalled blood cells inside the targeted capillary [Left: leukocyte, Middle: RBCs, Right: platelets]. Channels are displayed separately, with the merged image in the 
Top  Left. (Scale bar, 10 μm.) (D) Representative maximum intensity 2P 10-µm- z- projections of a Claudin5- enhanced green fluorescent protein (EGFP) reporter 
mouse. White arrowheads indicate individual EC nuclei. (Scale bar, 10 μm.) (E) Representative 2P images of an EC injured capillary, showing pre irradiation EC 
morphology (Left) and post irradiation damage (Right). Line scan kymographs (cyan rectangles) using THG imaging confirm the presence and absence of blood 
flow pre-  and post irradiation, respectively. Dashed lines indicate location of blood flow before occlusion. White arrowheads point toward EC nuclei. (Scale bar, 
10 μm.) N = number of animals, n = number of capillaries. 

related to EC injury and the associated capillary outcomes are pre-
sented in a separate article (42). 

Consequences of Single Capillary Injury: Capillary Recanalization,  
Changes in Local Hemodynamics, pO2, and Microglial Activation. To  
study the fate of the damaged capillaries, we performed longitudinal  
2P imaging of the adjacent microvascular network directly after  
induction of occlusion, as well as 24 h and 48 h post irradiation.  
Remarkably, blood flow was restored in all targeted capillaries 24 to  
48 h post irradiation, revealing a rapid brain capillary repair response  
(Fig. 4 A and B). 

 Capillary flow stalls may lead to changes in perfusion, oxygen-
ation, and neuroinflammation in the affected area. To date, 
research on brain capillary stalls and injury has primarily focused 
on multiple and widespread capillary occlusions (6, 13, 17, 18), 
while the effects of single capillary occlusions remain largely 
unknown. ECgo provides a valuable tool for manipulating one 

brain capillary at a time in order to assess local hemodynamics, 
tissue oxygenation, and microglial responses. 

 To evaluate the impact of capillary occlusion and subsequent repair  
on local tissue oxygenation, we used Oxyphor 2P, a previously devel-
oped pO2  sensor (25), and 2P phosphorescence lifetime microscopy  
(43, 44) to image the pO2 distribution in the ar ea adjacent to the  
occlusion in awake animals, as described previously (45). pO2   in the  
surrounding tissue was measured prior to the induction of occlusion  
(baseline pO2), 30 min, 24 h, and 48 h post irradiation ( Fig.  4C).  
Within the examined two-dimensional circular region (50 µm in  
diameter) surrounding the occlusion site (Fig. 4 D), the mean tissue  
pO2 sho wed a clear transient downward trend immediately after the  
occlusion, decreasing by 26.6% (from 29.1 mmHg to 21.4 mmHg);  
however, this change was not statistically significant in our dataset.  
The mean tissue pO2 r eturned to the baseline level within 24 to   
48 h upon blood flow recovery (Fig. 4 D). Notably, the observed pO2 
drop did not reach hypoxic levels (<10 mmHg), indicating that the  
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Fig. 4.     (A) Representative 2P images showing capillary recanalization 24 h post irradiation with corresponding line- scan kymographs (cyan rectangle, Bottom). 
THG = third- harmonic generation. (B) Quantification of VRBC  recovery 24 h and 48 h post irradiation. Each point represents an individual capillary (N = 3, n = 8). 
(C) Local tissue partial pressure of oxygen (pO2) pre-  and post irradiation. Top  panels: Two-photon  images of the region of interest surrounding the occluded 
capillary recorded pre irradiation, immediately post irradiation, as well as 24 h and 48 h post irradiation, with the corresponding line-scan  kymographs (shown 
within cyan rectangle). Bottom  panels: 28 × 28 grid-like  measurements of tissue pO2  in awake mice performed pre irradiation, immediately post irradiation, 
as well as 24 h and 48 h post irradiation. The magenta circle (50 µm radius) marks the region quantified in D. (Scale bar, 50 μm.) (D) Absolute pO2  values 
within the circular region shown in C. Each data point represents a single capillary occlusion (one occlusion per mouse), where different colors correspond to 
individual animals (N = 3, n = 3). Mean ± SD, P  > 0.05, Friedman test. (E) Local blood flow changes induced by single capillary occlusion. Maximum-intensity  2P 
30 µm z-projections  with the corresponding line-scan  kymographs (shown within cyan rectangles, Bottom). Numbers indicate neighboring capillary segments. 
Relative RBC velocity (VRBC) changes in neighboring capillaries (1 to 5) post irradiation. (Scale bar, 10 μm.) (F) Left: Quantification of VRBC  in capillaries pre-  and 
post irradiation from the example in E  (N = 1, n = 7). Right: Quantification of VRBC  in the adjacent microvascular network (N = 1, n = 19). The occluded capillary 
is shown in cyan. Magenta points represent adjacent capillaries (capillaries 1 to 6 in E), while gray points correspond to capillary segments in the surrounding 
microvascular network that are not directly attached to the occluded capillary and not shown in the z-stack  projection. *P  < 0.05, repeatedly measured one-way  
ANOVA. Mean ± SEM. (G) Microglial response to capillary occlusion. Top  panels: local microglial activation post irradiation in CX3CR1-GFP  reporter mouse, with 
microglial processes ensheathing the injured capillary (white arrowheads). Bottom  panels: images of the fluorescence of an intravascular dye (Qtracker655™ 
pre-  and post irradiation, Texas Red-dextran  24 h and 48 h post irradiation), showing the presence or absence of the blood flow in the targeted capillary pre-  
and post irradiation. 48 h after irradiation, the capillary is reinstated. Magenta arrowheads indicate internalized vascular dye. (Scale bar, 10 μm.) N = number 
of animals, n = number of capillaries. D
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surrounding microvascular network was able to compensate for the  
local damage and maintain oxygen delivery to tissue. 

N ext, we examined how the occlusion of a single capillary impacts  
hemodynamics in the surrounding capillary network. A selected cap-
illary was irradiated, and VRBC   was measured in the adjacent capillar-
ies. Following the occlusion, the blood flow in the directly connected  
branches (the two feeding capillaries and the single draining capillary)  
was reduced (capillaries 1, 2, and 4 in Fig. 4 E). The analysis of the  
flow in the wider capillary network surrounding the occlusion revealed  
that overall VRBC in the affected ar ea increased (Fig. 4 F), suggesting  
that upon a single capillary occlusion, the collateral flow compensates  
for the local perfusion deficit. Importantly, our data show that while  
the blood flow ceased in the targeted capillary, neighboring vessels  
remained patent, highlighting the robustness of the cortical capillary  
network and suggesting the presence of a mechanism that signals the  
adjacent network to compensate for single capillary occlusion. 

 Resident microglia are known to react rapidly to local cell damage  
(46–48) and vascular injury (11, 21, 49). To test whether capillary  
injury in our model led to a local inflammatory response and subse-
quent microglial activation, we used CX3CR1-GFP transgenic  
reporter mice. We observed that microglia became locally activated  
after the capillary injury, extended their processes to ensheathe the  
injured capillary, and internalized the leaked vascular probe  
Qtracker655™, as indicated by coexpression of vascular and GFP  
signals (Fig.  4G).  While we did not observe capillary rupture or exten-
sive bleeding, we occasionally detected spatially confined extravasation  
of blood plasma tracers near the targeted capillary segment, consistent  
with transient barrier disturbances at the site of the injured EC. This  
microglial activation was seen both in cells directly next to the  
occluded capillary (Fig.  4G) and nearby microglia that were not in  
direct contact with it, suggesting that local inflammatory signaling  
occurs in response to EC injury.   

Discussion 

 Here,  we  have  introduced  a  porphyrin-based  photosensitizer,  Ps2P, 
and demonstrated its use for induction of single-EC injury and 
capillary occlusion in the living brain under 2P excitation, an 
approach termed ECgo. The most important feature of ECgo is 
that it allows for a highly accurate single capillary occlusion, avoid-
ing vessel rupture and collateral damage to neighboring vessels 
and tissue. Interestingly, the damaged capillaries were found to 
undergo fast repair and regain blood flow within 24 to 48 h after 
injury. This time course is consistent with prior reports (11, 17, 
18), while the ECgo method extends these observations by ena-
bling selective targeting of individual capillaries with well-defined 
baseline measurements and longitudinal follow-up. Detailed 
investigation of this remarkable endothelial-mediated capillary 
repair is the focus of a separate study (42). Overall, ECgo provides  
a useful tool for studying the effects of single capillary injury on 
local blood flow, oxygenation, and neuroinflammatory responses. 

P hotodynamic methods have been used previously to create 
capillary occlusions. Perhaps the most-known photosensitizer is 
Rose Bengal (50), which is widely used for producing large vessel 
occlusions (1, 3–5, 51). In a direct side-by-side comparison 
(matched excitation efficiency at 1040 nm), both Rose Bengal and  
 Ps2P   were found to be capable of inducing capillary occlusions. 
However, Rose Bengal was cleared from the vasculature rapidly 
(within 5 to 10 min), limiting the effective time window for  
capillary targeting to a few minutes after injection, consistent  
with previous reports (47, 48). In contrast, Ps2P  exhibited sub-
stantially longer vascular retention, enabling multiple independent  
capillary occlusions to be performed within a single imaging ses-
sion without reinjection. In addition, Ps2P   could be administered 

at ~20 times lower concentrations than Rose Bengal to achieve the  
same excitation efficiency, potentially reducing the risk of systemic  
or local side effects. Together, these features establish Ps2P  as a  
useful tool for manipulation of individual brain capillaries in the  
living mouse brain in combination with long-term repeated imag-
ing, complementing other approaches for inducing capillary injury. 

 In the ECgo paradigm, capillary occlusion arises from a localized  
EC injury rather than from a persistent intravascular clot (Fig. 3 ).  
Functional manipulations suggest that fibrin-based clotting does not  
play a major role in ECgo-induced capillary occlusion, as neither  
anticoagulant nor fibrinolytic treatments prevented occlusion or  
restored flow. Future studies incorporating fibrin visualization could  
provide additional support for this conclusion. 

 Together, these observations raise the question: what properties of  
 Ps2P ar e responsible for its ability to induce such a precise single EC  
injury? A separate study would be required to delineate the exact  
mechanism of action of Ps2P; ho wever, its relatively large aromatic  
structure and resulting hydrophobicity suggest that it could be par-
tially distributed into the membranes and/or interiors of ECs that  
make up capillary walls. This contrasts with smaller, more hydrophilic  
sensitizers (e.g., Rose Bengal), which are presumably localized to the  
vascular lumen. Once associated with an EC and subjected to 2P  
excitation, Ps2P  can operate via Type I and/or Type II photodynamic  
mechanisms (Fig. 1 ), leading to selective destruction of the targeted  
cell. Importantly, the excitation volume in which the triplet state of  
P s2P is pr oduced can be adjusted by regulating the photon flux (52),  
such that at mild excitation fluxes, the damage can be confined to a  
single EC. On the other hand, 1O2 generated b y Ps2P within the   
capillary lumen is expected to be scavenged by albumin molecules,  
to which Ps2P  is likely to be bound. These partially damaged albumin  
molecules would be carried away and dispersed by the blood flow,  
not leading to the formation of a clot. The above scenario is specula-
tive at this point, but it suggests a potentially testable hypothesis  
behind the highly selective action of Ps2P. 

 Capillary stalls are common for many cerebrovascular and neuro-
degenerative diseases (6–8, 13, 14). However, the development of  
reliable and precise techniques for inducing targeted single-capillary  
stalls in the rodent brain has remained an unmet challenge. Current  
approaches to induce capillary occlusion rely on the use of small  
occlusive materials, such as polymeric microbeads (17–19). However,  
such methods do not permit targeting of a single capillary in a pre-
selected location. In contrast, the 2P photodynamic approach using  
 Ps2P makes it possible to induce multiple, pr ecisely targeted capillary  
occlusions one at a time at defined cortical depths, while avoiding  
widespread clot formation and/or systemic vascular damage, thereby  
enabling longitudinal in viv o imaging. 

 From a hemodynamic point of view, single capillary occlusions  
have been previously modeled in silico (53), demonstrating that  
changes in local capillary flow depend on baseline flow and local  
capillary network topology. Occlusion of a capillary segment with  
two inlet and two outlet vessels has the most severe impact on local  
tissue perfusion. In that case, blood flow is reduced by more than  
30% in capillaries located within two branching orders from the  
occlusion site (53). Our current experimental results are in line with  
these modeling studies, showing that a single capillary occlusion  
causes redistribution of flow, suggesting that oxygen delivery is com-
pensated by the local microvascular network. Indeed, while occlu-
sion of a single capillary led to a drop in the tissue oxygenation in  
the area surrounding the capillary, pO2   did not reach hypoxic levels.  
By exploiting the scalability of ECgo, which is one of its key advan-
tages, occlusions of multiple capillaries could be induced to cause  
formation of local hypoxic regions, leading to tissue damage. How  
these microvascular events might contribute to long-term cerebro-
vascular impairment merits further investigation. D
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 Single capillary occlusions contribute to neurodegenerative and  
cerebrovascular diseases, where progressive capillary dysfunction  
leads to chronic perfusion deficits (16, 54–56). Capillary occlusions  
and flow stops have been observed in aging (18, 19, 57), Alzheimer’s  
disease (13, 14, 56), Type 1 diabetes (10, 11), and vascular dementia  
(12). ECgo makes it possible to create isolated capillary occlusions  
in an otherwise intact vascular network, enabling investigation of  
early microvascular dysfunction before the onset of widespread  
damage. Such studies are important to advance understanding of  
the vascular contribution to Alzheimer’s disease and vascular demen-
tia, where microvascular damage is thought to precede overt neu-
rodegeneration (54, 56, 58). 

Little is kno wn about cellular and molecular responses to EC  
injury in the intact brain. Capillary repair and EC responses may  
vary across brain regions and conditions. Future studies will examine  
the impact of single capillary occlusions in different brain regions,  
aged animals, and disease states affecting the cerebrovasculature.  
Our preliminary results suggest that damaged capillaries exhibit  
rapid repair, though the mechanisms driving this process are still  
unclear. ECgo offers a valuable tool for studying capillary responses  
and outcomes following endothelial injury across pathophysiolog-
ical contexts where maintaining vascular integrity is critical.  

Materials and Methods 

Ps2P Synthesis.  H2TAPIP(GluOAll)8. To a solution of  H2TAPIP- OH (0.020 g, 0.011 
mmol) in DMF (3 mL), HBTU (0.064 g, 0.168 mmol) was added, and the reaction 
mixture was stirred at room temperature (r.t.) for 10 min (SI Appendix, Fig.  S1). 
N,N- diisopropylethylamine (0.088 mL,  0.504 mmol) and NH2GluOAll·TsOH 
(0.067 g,  0.168 mmol) were added to the mixture,  and the resulting solution 
was stirred at r.t. for 5 d. The reaction mixture was poured into an ice-cold aque -
ous solution of HCl (10%, 20 mL), and the green precipitate was collected by 
centrifugation, washed with water (2 × 10 mL), and dried in vacuum. The prod-
uct was purified by silica gel column chromatography using dichloromethane 
(DCM):methanol (100:3) mixture as the eluent. The target compound was eluted 
as a green band. The solvent was removed by rotary evaporation, and the product 
(green solid) was dried in vacuum. Yield: 0.03 g (81%). 1H NMR (DMSO-d 6, 80 °C),  
δ (ppm):  - 2.10 (s, 2H), 1.87 to 1.94 (m, 32H), 2.14 to 2.25 (m, 32H), 4.15 to 4.22 
(m, 24H), 4.42 to 4.54 (m, 32H), 4.96 to 5.09 (s, 32H), 5.63 to 5.74 (m, 14H),  
6.94 (d,  J = 8.65 Hz, 8H), 7.52 (t,  J = 8.55 Hz, 4H), 7.83 (d,  J = 6.45 Hz, 8H),  
10.77 (s, 8H), 12.07 (s, 4H) (SI Appendix, Fig. S3). 

ZnTAPIP(GluOAll)8. To a solution of H2TAPIP(GluOAll)8 (0.03 g, 0.0084 mmol) 
in DMF (8 mL), an excess of Zn(OAc)2 ‧2H2O (20 eq, 0.037 g, 0.168 mmol) was 
added, and the mixture was refluxed at 130 °C for 1 h. The reaction progress was 
monitored by measuring UV-vis absorption spectr a.  The mixture was cooled to 
r.t. and poured into ice-cold  water. The resulting green precipitate was collected 
by centrifugation and dried in vacuum. Crude ZnTAPIP(GluOAll)8 was introduced 
into the next step without further purification. 

Ps2P (ZnTAPIP(GluOH)8). ZnTAPIP(GluOAll)8 (0.018 g, 0.0049 mmol) was 
dissolved in DMF (2 mL). Pd(PPh3)4 (0.046 g, 0.0395 mmol) and morpholine 
(0.34 mL, 3.92 mmol) were added, and the mixture was stirred for 48 h at r.t.  
The solvents were removed in vacuum, THF (10 mL) and acetic acid (0.5 mL) were 
added, and the resulting suspension was sonicated on an ultrasound bath for  
10 min.  The title compound was isolated by centrifugation as a green solid,  
washed with THF and then twice with Et2O, and dried in vacuum. Yield: 0.014 g,  
93%.  1H NMR (DMSO- d6, 80 °C),  δ (ppm): 1.89 to 1.97 (m, 32H),  2.18 to 2.27 
(m, 32H), 3.58 to 3.61 (m, 32H), 4.15 to 4.20 (m, 24H), 6.93 (d, J = 8.40 Hz, 8H),  
7.50 (t,  J = 8.15 Hz, 4H), 7.72 to 7.56 (m, 16H), 7.83 to 7.89 (m, 16H), 10.69  
(s, 8H), 11.88 (s, 4H), 14.66 (s, 16H) (SI Appendix, Fig. S4). 

Ethical Approval and Animal Welfare 

 This study was conducted following the Swiss Animal Protection 
Law and approved by the Swiss Veterinary Office, Canton of 
Zurich (Animal Welfare Act of December 16, 2005, and Animal 
Protection Ordinance of April 23, 2008). The local Cantonal 

Veterinary Office in Zurich granted ethical approval under licenses  
ZH169/2017 and ZH152/2021. 

Laboratory Animals. This study utilized male and female mice  
between the ages of 2 and 8 mo. The animals were housed under  
a reversed 12:12 h light–dark cycle with unrestricted access  
to food and water. Standard laboratory chow was provided  
unless stated otherwise. Wild-type and  control animals were  
C57BL/6 J mice obtained from Charles River. For the microglia  
studies, we employed CX3CR1- GFP mice (B6.129P- Cx3cr1/J;  
Jackson, Stock No.: 005582; Gensat.org). Investigations on  
ECs utilized Claudin5- EGFP mice (B6.Cg- Tg(Cldn5- EGFP) 
Cbet/U) (59, 60). 

In Vivo Two-Photon Imaging.  All 2P imaging experiments were  
performed using a custom- designed 2P laser scanning microscope  
(61). The system incorporated a femtosecond- pulsed laser (Chameleon  
Discovery TPC; Coherent/Spectra Physics) tunable in the range of  
680 to 1300 nm. The pulse duration was approximately 120 fs at 80  
MHz repetition rate. Imaging was conducted using either a 25× water-  
immersion objective (W Plan- Apochromat 25×/1.05 NA; Olympus)  
or a 20× water- immersion objective (W Plan- Apochromat 20×/1.0  
NA; DIC VIS-IR; Z eiss). Emitted fluorescence was separated from  
the excitation light using an 825 nm short- pass (SP) dichroic mirror  
and further divided into four detection channels using additional  
dichroic mirrors (506, 560, and 652 nm). Each channel was  
equipped with specific SP and band-p ass filter combinations: CH1  
(770 SP + 475/64 BP), CH2 (770 SP + 535/50 BP), CH3 (770 SP  
+ 607/70 BP), and CH4 (810 SP + 824 SP + 990 SP). Fluorescence  
signals were detected and amplified using photomultiplier tubes  
(PMTs; CH1–3: H10770PA-40 SEL, H amamatsu; CH4:  
H10770PA-50 SEL, H amamatsu). PMT gain was regulated via  
custom software written  in  LabVIEW.  Image  acquisition  and system  
control were managed using a customized version of ScanImage  
r3.8.1 (62). 

Imaging of Cerebral Vasculature. Animals underwent head plate  
surgery and chronic cranial window implantation to enable head  
fixation for subsequent 2P imaging (SI Appendix). The visualization  
of cortical blood vessels was achieved through the intravenous  
administration of fluorescent tracers. The choice of tracer depended  
on the mouse strain and its ability to express fluorescent proteins.  
Specifically, 50 μL of Texas Red- dextran (2.5% in aq. NaCl; 70 kDa;  
Thermo Fisher Scientific, D1830), FITC- dextran (2.5% in aq. NaCl;  
70 kDa; Sigma; 46945- 100MG- F), or 20 μL of Qtracker655™  
(Thermo Fisher Scientific, Q21021MP) was injected. 

Blood Flow Measurements. The assessment of blood flow 
velocity (VRBC) was performed using line scans. RBC velocity was 
determined by performing a line scan along the vessel’s midline 
(256 × 256 pixels; 0.64 ms per line; recorded over 72 frames, 
corresponding to 11.8 s). Subsequent analysis of the line scans was  
performed using a custom image processing toolbox [Cellular and  
Hemodynamics Processing Suite (63)] in conjunction with the 
RADON (64) transform in MATLAB (R2017b; MathWorks). 

Drug Application. Intravenous injection of 0.2 IU/g Heparin  
(Heparin-N a; B. Braun) was performed via the tail vein a few  
minutes before capillary irradiation. Clopidogrel (Tocris, Cat.#  
1820) administration included either a 4- d treatment at a lower  
dose (20 mg/kg; one i.p. injection per day over 4 d) or a higher single  
dose injection (100 mg/kg, i.p.) on the capillary irradiation day,  
with a minimum 3- h waiting period between injection and capillary  
irradiation. Aspirin application (100 mg/kg; Sigma, A5376) was  
performed through either i.p. or i.v. injection 3 h prior to capillary  
irradiation. For rtPA (Human t-P A; Actilyse; Boehringer Ingelheim)  D
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administration, intravenous injection via the tail vein was performed  
post irradiation (10 mg/kg; 10% bolus; 90% perfusion; i.v.) (65).  
After starting the rtPA infusion, the targeted vasculature was  
monitored for at least 125 min to assess recanalization. 

In Vivo Staining of Blood Cells. Cells within blood vessels were  
identified based on their morphology and staining patterns using  
Rhodamine 6G and Hoechst 33342. Blockages caused by RBCs  
appeared as dark, hollow areas, while platelets were observed as clusters  
of small green particles. Neutrophils were the only cells that exhibited  
double staining with Rhodamine 6G and Hoechst 33342 (6). 

Photothrombosis Using Rose Bengal. Rose Bengal (20 mg/mL in  
saline; Thermo Fisher Scientific, A17053) was injected via a tail  
vein catheter. The dose of Rose Bengal was adjusted according to  
the difference between its 2PA cross- section and that of Ps2P at the  
excitation wavelength (1040 nm). Photoactivation was performed  
by line-scanning along the midline of the target v essel (time-av eraged  
power 30 mW under the objective) until blood flow ceased. 

Data Analysis. All 2P imaging data were processed using Fiji 
(Fiji Is Just ImageJ; ImageJ 2.1.0). The individual imaging 
channels were merged, and MIPs were generated following the 
specifications outlined in the figure legends. For images that were 
not quantitative, gamma values were adjusted nonlinearly to 
enhance the visibility of low-intensity str uctures. For quantitative 
fluorescence analyses, MIPs were generated in FIJI for each time 
point, and the fluorescence intensity was measured over time 
within a spatially stable region of interest. Brightness and contrast 
were autoadjusted on the first image of each series, and the same 
settings were applied uniformly to all subsequent images. Line 
scans were analyzed using a custom MATLAB image-pr ocessing 
toolbox (Cellular and Hemodynamic Image Processing Suite (63);  
R2014b; MathWorks) and blood flow velocity was calculated using  
the Radon transform algorithm (64). Graphical illustrations were 
created using Affinity Designer (Serif Europe, United Kingdom) 
and BioRender (BioRender, Toronto, Canada). 

Statistical Analysis. Quantitative datasets were managed in 
Excel (Microsoft Corporation, Redmond, WA, United States), 
while statistical analyses were performed using GraphPad Prism 
(version 10.0; GraphPad Software, La Jolla, CA, United States). 
The statistical tests applied, along with the number of animals 
(N) and capillaries (n), are detailed in the figure legends. Data 
are presented as mean ± SEM. The D’Agostino–Pearson omnibus 
normality test was used to assess data distribution. For datasets 
that were found to be normally distributed, an unpaired or paired 
Student’s t test was used to compare two groups. Nonnormally 
distributed data were analyzed using the Mann–Whitney test. 
Comparisons involving three groups were assessed using ANOVA  
or, for nonparametric data, the Kruskal–Wallis test (unpaired data)  
or the Friedman test (paired data), with Dunn’s test applied for 
multiple comparisons. 

Data, Materials, and Software Availability.  All study data are included in 
the article and/or SI  Appendix and have been deposited here: https://osf.io/ 
qzdv3 (66). 
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