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S
uccessful delivery of nanomedicine
into solid tumors is critical to the field
of cancer nanotechnology research.1

Nanomedicine delivery relies on a functional
vascular network to enable homogeneous
transport of these agents via convection-
and diffusion-based mechanisms.2 However,
unlike blood vessels within healthy tissues,
tumor vessels are often leaky and disorga-
nized; consequently, their ability to deliver
drugs, molecules, or cells into the tumor bed
is impaired.3,4 The structural and functional
abnormalities of these vascular networks are a
direct result of the imbalance betweenproan-
giogenic and antiangiogenic signals within
the tumor microenvironment, driven by un-
opposed actions of factors such as vascular
endothelial growth factor (VEGF).5 When
properly performed, inhibition of angio-
genesis can moderately restore the structural
integrity of tumor vessels and facilitate in-
tratumoral delivery of small molecules.6,7

Recently, antiangiogenic therapy via VEGF
receptor-2 (VEGFR-2) blockade was shown
to normalize tumor blood vessels and im-
prove nanomedicine delivery.8 However, on
the basis of this study, it was postulated that
the “vascular normalization” process was
limited to small nanoparticles (∼10 nm)
because of increased steric and hydro-
dynamic hindrance associated with the
smaller pore sizes of more mature and
normalized tumor vessels.8 Most synthetic
nanoparticles under investigation for bio-
medical applications exceed this size thresh-
old because of increasing requirements for
surface modification to reduce reticuloen-
dothelial system clearance and enhance
targeting;9 thus, this size constraint restricts
the clinical utility of tumor vasculature nor-
malization strategies to complement nano-
medicine delivery. Here, we hypothesize
that the careful restoration of the abnormal
tumor vasculatures can also improve the
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ABSTRACT Restoration of dysfunctional tumor vasculature can

reestablish the pressure gradient between intravascular and interstitial

space that is essential for transporting nanomedicines into solid tumors.

Morphologic and functional normalization of tumor vessels improves

tissue perfusion to facilitate intratumoral nanoparticle delivery. However,

this remodeling process also reduces tumor vessel permeability, which

can impair nanoparticle transport. Although nanoparticles sized below

10 nmmaximally benefited from tumor vessel normalization therapy for

enhanced nanomedicine delivery, the small particle size severely limits its

applicability. Here, we show that intermediate-sized nanoparticles (20�40 nm) can also benefit from tumor vasculature remodeling.We demonstrate that awindow

of opportunity exists for a two-stage transport strategy of different nanoparticle sizes. Overall, tumor vessel remodeling enhances the transvascular delivery of

intermediate-size nanoparticles of up to 40 nm. Once within the tumor matrix, however, smaller nanoparticles experience a significantly lesser degree of diffusional

hindrance, resulting in a more homogeneous distribution within the tumor interstitium. These findings suggest that antiangiogenic therapy and nanoparticle design

can be combined in a multistage fashion, with two sets of size-inclusion criteria, to achieve optimal nanomedicine delivery into solid tumors.
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delivery and distribution of intermediate-sized nano-
particles into solid tumors. Using fluorescently labeled
nanoparticles of size in the 20 to 40 nm range, we
aimed to monitor the tumor delivery of these nano-
particles after anti-VEGFR-2 blockade. Further, using
multiphoton imaging and fluorescent correlated spec-
troscopy, we set out to demonstrate that nanoparticles
within this size range can also benefit from a vascular
normalization process in terms of transvascular trans-
port, but may experience a size-dependent diffusional
hindrance once inside the tumor interstitium.

RESULTS

To determine whether the delivery of intermediate-
sized nanoparticles with a hydrodynamic diameter of
20 to 40 nm can benefit from a tumor vessel remodel-
ing strategy, we studied the in vivo transport dynamics
of these nanoparticles using breast tumor models
orthotopically implanted in mice and treated with
VEGFR-2-blocking antibodies. The selected size range
is representative of surface-modified, protein-coated
nanoparticles currently used in biomedical imaging
applications.10 Using water-soluble semiconductor
nanocrystals (quantum dots, QDs) of similar core size,
we adjusted their final hydrodynamic diameter via

surface modification with polyethylene glycol (PEG) of
different molecular weights (Table 1).11,12 These mono-
disperse nanoparticles (Supplemental Figure S1) have
similar surface charges and a prolonged circulatory
half-life (Table 1). When nanoparticles were injected
intravenously into syngeneic immunocompetent FVB
mice, we noted that the circulation half-life was de-
pendent on the final size after surface coating with
PEG, with 20 nm nanoparticles (QD-mPEG2K) show-
ing almost a 2.5-fold increase in circulation half-life
compared with 40 nm nanoparticles (QD-mPEG10K)
(Table 1; Supplemental Figure S2). As expected, both
nanoparticle sizes showed mild to moderate levels of
accumulation in the liver, but larger sized QD-mPEG10K
had increased hepatic uptake consistent with existing
literature (Supplemental Figure S2).12

To examine the effect of VEGFR-2 blockade on tumor
vasculature, we first orthotopically implanted breast
adenocarcinoma MCaP0008 cells into the mammary
fat pad of syngeneic immunocompenent FVBmice and
imaged tumor vessel changes using intravital multi-
photon imaging.4 After treatment with rat anti-VEGFR-2
antibody (DC101; 10 mg/kg every 3 days), progressive
morphologic restoration of tumor vasculature was

observed after 2 days of treatments. Consistent with
our previous observations,4,8 this vascular normaliza-
tion process was transient, with significant reduction in
tumor vessel density by day 8 of treatment (Figure 1A).
We quantified the structural changes in tumor vessels
after DC101 treatments and showed that it markedly
decreased tumor vessel length and volume but main-
tained vessel diameter (Figure 1B,C). As previously
observed, these structural alterations were associated
with improved tissue perfusion and increased pericyte
coverage, leading to functional vessel restoration
(Figure 1D,E; Supplemental Figure S3).4

To determine whether restoration of tumor vessel
structure functionally improves delivery of intermediate-
sized nanoparticles into solid tumors, we intravenously
injected QD-mPEG2K and QD-mPEG10K nanoparticles
into tumor-bearing mice after 5 days of DC101 treat-
ment. Using intravital imaging, we observed that
DC101 treatment improved both QD-mPEG2k and
QD-mPEG10k accumulation within the tumor intersti-
tium compared with isomatched immunoglobulin (Ig)
G controls (Figure 2). In contrast to previous work that
showed nanoparticle accumulation predominantly in
the perivascular spaces,12 DC101 treatment resulted in
homogeneous distribution of nanoparticles within the
tumor interstitium, irrespective of size. Importantly,
although DC101 induced tumor vessel restoration
and improved interstitial delivery of QD-mPEG2k and
QD-mPEG10k nanoparticles, QD-mPEG2k showed a
greater degree of uniform intratumoral accumulation
(Figure 2).
To quantify improvement in intratumoral delivery of

nanoparticles with tumor vessel normalization, we
perfused fluorescein isothiocyanate (FITC)-lectin into
DC101-treated mice after injection with QD-mPEG2K
and QD-mPEG10K.4 Laser confocal microscopy showed
a greater proportion of functional vessels labeled by
FITC-lectin in DC101-treated tumors compared with
IgG controls, suggesting improved tumor perfusion
after vessel restoration (Supplemental Figure S3).
This improved perfusion also enhanced delivery of
QD-mPEG2K and QD-mPEG10K into the tumor bed.
IgG-treated samples showed perivascular clumping
and heterogeneous accumulation of QD-mPEG2k and
QD-mPEG10K nanoparticles (Figure 3A). In contrast,
DC101 treatment resulted in homogeneous distribution
of nanoparticleswithin the tumor, including areas further
from the blood vessels. Improved nanoparticle delivery
was due to the increased number of perfusing vessels

TABLE 1. Nanoparticle Characterization for Intratumoral Delivery
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within the tumor bed (Supplemental Figure S3) and to
the improved capacity of individual vessels for deliver-
ing nanoparticles into the tumor interstitium.
Importantly, conventional and nanoformulated

drugs often have limited access to tumor regions that
are poorly vascularized, necrotic, and hypoxic, leading
to their decreased therapeutic efficacy.13 However,
previous work has suggested that normalization ther-
apy using an anti-VEGF blockade can affect the vascu-
lar pore size along the vessel wall through increased
pericyte coverage, thereby restricting the transvascular
transport of large nanoparticles into the tumor inter-
stitium.8 Restoration of the structural integrity and
functional capacity of abnormal tumor vessels facili-
tated delivery of intermediate-size nanoparticles
(20�40nm) togreater regions of the tumor and allowed
deeper penetration into the tumor bed (Figure 3B,C).

QD-mPEG2K showed better tissue coverage and pene-
tration than QD-mPEG10K after DC101 treatment. The
overall tumor accumulation of the nanoparticles after
treatments is shown in Supplemental Figure S4.
Within the tumor interstitium, the eventual distri-

bution of nanoparticles is thought to be limited by
diffusional hindrance.14 To assess whether diffusional
limitations contribute significantly to delivery of inter-
mediate-sized nanoparticles to the tumor bed after
vascular normalization, we measured the intratumoral
diffusion coefficient of QD-mPEG2K and QD-mPEG10K
in vivo using two-photon fluorescence correlation
spectroscopy (Figure 4A).15 In free solution,QD-mPEG2K
and QD-mPEG10k had diffusion coefficients (D0) of
2.9 � 10�7 and 1.3 � 10�7 cm2 s�1, respectively,
which approximates our estimation of diffusion coeffi-
cients calculated with the Stokes�Einstein equation

Figure 1. DC101 treatment normalized tumor vasculature and improvedpericyte coverage. (A) Serial treatment ofMCaP0008
tumor xenograft models with DC101 (antivascular endothelial growth factor receptor-2 antibody) showed progressive
normalization of tumor vessel morphology (arrow) compared with immunoglobulin (Ig) G controls. (B) Mean tumor vessel
diameter decreased slightly, as did the total vessel length per unit of tumor tissue. (C) Total vessel volume per unit of tumor
tissue significantly decreased as a direct effect of the vessel-normalizing effect. (D) DC101 treatment also increased the
coverage of pericytes along the endothelial wall (arrow). (E) Increased pericyte coverage with time decreased vascular
leakiness and vessel permeability, eventually reestablishing the transvascular pressure gradient. Scale bar = 50 μm; asterisk
denotes p < 0.05; R-SMA: R-smooth muscle actin; FITC, fluorescein isothiocyanate.
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(for nanoparticles of 20 and 40 nm, diffusion coeffi-
cients were 2.5 � 10�7 and 1.6 � 10�7 cm2 s�1, re-
spectively) (Supplemental Figure S5). The 2-fold larger
coefficient of QD-mPEG2K was due to its being half the

size of QD-mPEG10K in free solution. In tumors, how-
ever, the autocorrelation functions for both types of
nanoparticles were best fitted with the two-component
diffusion model (Figure 4B; Supplemental Figure S6).15

This suggests that for both nanoparticle sizes there exist
fast (D1) and slow (D2) diffusion coefficients corre-
sponding to distinctive sample populations within
the viscous and aqueous components of the tumor
interstitial matrix.15,16 The coefficient of diffusion D1

for QD-mPEG10K was 5 times smaller than that of
QD-mPEG2K, but D2 values were approximately the
same. This suggests that within the fluid-like phase
of the tumor larger nanoparticles had diffusional hin-
drance beyond that expected for the increased size
(Supplemental Figure S5), whereas in the slow diffu-
sion or gel phase of the tumor tissue, both small and
large nanoparticles were restricted to a similar degree.
Analogous observations have beenmadewith other

fluorescent tracers composed of bovine serum albu-
min, 70 kDa dextran, IgG, 2 MDa dextran, and electro-
neutral liposomes, and the slow diffusion component
was attributed to increased collagen and hyaluronan
content within the tumor matrix.15 Here, we showed
that these diffusional hindrances are also impor-
tant obstacles for nanoparticle intratumoral delivery.

Figure 3. Quantification of improved nanoparticle delivery
into tumors after vascular remodeling. (A) DC101 treatment
normalized tumor vessels and improved intratumoral de-
livery and distribution of QD-mPEG2K and QD-mPEG10k
nanoparticles. Red channel corresponds to fluorescence of
QD-mPEGs, while green signal corresponds to lectin label-
ing.Quantifying these effects showed thatDC101 treatment
resulted in increased total tumor area coverage by nano-
particles (B) and increased the penetration depth of nano-
particles into tumors (C). (White bar = QD-mPEG2k, dark
bar = QD-mPEG10k.) Scale bar = 50 μm; * denotes p < 0.05;
Ig, immunoglobulin; RFP, red fluorescent protein.

Figure 2. Normalized tumor vessels after anti-VEGFR-2 anti-
body DC101 treatment. Intravital imaging showed im-
proved tumor tissue perfusion and enhanced intratumoral
delivery of QD-mPEG2K and QD-mPEG10K compared with
IgG-treated controls. Red signal is from nanoparticles. Scale
bar = 50 μm. Figure 4. Intratumoral distribution of nanoparticles is size

dependent. (A) AlthoughbothQD-mPEG2KandQD-mPEG10K
had improved delivery into the tumor interstitium after res-
toration of tumor vessel function, QD-mPEG2K was distrib-
uted more homogeneously within the tumor bed. (B, C) Fluo-
rescence correlation spectroscopy was used to determine
diffusion coefficients in free solution and within the tumor for
QD-mPEG2K and QD-mPEG10K. Here, D0 is measurement of
nanoparticle diffusion in free solution, and D1 and D2 are the
diffusion coefficients of the fast and slow phases in tumors,
respectively. Scalebar=50μm;PBS,phosphate-bufferedsaline.
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The mean D1/D0 was noted to be 0.65 for QD-mPEG2k
and 0.33 for QD-mPEG10K, whereas D2/D0 for both
nanoparticles were approximately 2 orders of magni-
tude slower. This suggests that larger nanoparticles
experience increased hindrance within the tumor
matrix in addition to the expected decrease in diffusion
with increased particle size (Supplemental Figure S5).
The use of longer-chain PEGs as a surface coating
of QD-mPEG10K compared with QD-mPEG2K may
have augmented diffusional hindrance, as previously
reported,15 because shape and conformity can also
affect macromolecule diffusion within the tumor
matrix. Within the heterogeneous tumor interstitium,
the restriction on nanoparticle motion appeared to be
predominately observed in the fast diffusion phase,
whereas within the slow and viscous phase of the
tumor matrix, both QD-mPEG2k and QD-mPEG10K
nanoparticles were equally affected (Figure 4B,C).

DISCUSSION

The enhanced and uniform delivery of nanomedi-
cines into solid tumors remains a major challenge in
the field of cancer nanotechnology.17 Nanomaterial-
based drug delivery platforms offer many advantages
when designing tumor-targeting agents, including
robust and easily modifiable surface chemistry and
physical properties.18 However, successful implemen-
tation of nanomedicine-based strategies is intricately
linked to the functional status of the tumor vasculature.
Compared with blood vessels of normal tissues, the
vasculature of tumors is leaky, torturous, and disorga-
nized, and as a result, perfusion capacity is impaired.19

The increased leakiness of tumor vessels is a direct
consequence of poor pericyte coverage and enlarged
interendothelial junctional distance (range, 40 nm to
1 mm, depending on tumor type).19 Physiologically,
the leaky vasculature is unable to maintain the oncotic
and hydrostatic pressure gradients that are normally
present between the intravascular and extravascular
space.20 Coupled with the already elevated interstitial
fluid pressure within the tumor, the dysfunctional
lymphatic system and interstitial fibrosis (among other
factors) greatly reduce transvascular flow and limit
convection-based transport of macromolecules across
the blood vessel walls.21,22

Strategies to overcome this barrier to nanoparticle
delivery havebeen investigated,withmixed results.23�26

Using anti-VEGF receptor 2 antibodies, it was shown
that vasculature normalization can improve nanopar-
ticle delivery into solid tumors.8 Recently, transforming
growth factor (TGF)-β inhibitor was also shown to
decrease pericyte coverage and increase tumor vessel
permeability, which in turn improved nanoparticle
delivery.27 However, both studies have their limita-
tions. In the former, it was concluded that this vascular
normalization benefit can only apply to nanoparticles
with a diameter of 10 nm or less, as no improvement in

tumor delivery was observed for nanoparticles of 60 or
100 nm.8 By only examining nanoparticles of these
distinctive sizes, the key nanoparticle size range of
20�50 nm, which offers a unique balance between
drug payload, targeting, and tissue distribution, was
largely ignored. Similarly, in the latter study, the nor-
malization effect was highly dependent on the vascu-
larization status of the tumor, with poorly vascularized
pancreatic adenocarcinomas appearing to benefit
most from TGF-β inhibition.27

Here, we investigated whether an anti-VEGF block-
ade in breast adenocarcinoma could enhance pene-
tration of intermediate-sized nanoparticles into the
tumor and promote uniform distribution in the tumor
stroma. We showed that a carefully calibrated dosing
schedule of anti-VEGFR-2 antibody facilitated normal-
ization of tumor vessel structure, increased pericyte
coverage, and restored perfusion within the tumor
interstitium. These physiologic changes in the tumor
vasculature increased delivery and penetration of both
20 and 40 nm nanoparticles within the tumor stroma.
However, after these nanoparticles reach beyond the
blood vessels, smaller sized nanoparticles experience
fewer diffusional restrictions from the tumor matrix
and ultimately gain greater access to tumor tissues.
As such, these findings present an interesting sce-

nario when designing nanoparticles for intratumoral
delivery; specifically, two size-inclusion criteria are
needed for transvascular and interstitial transport. First,
application of tumor vasculature remodeling strategies
improves tumor tissue penetration and delivery for
nanoparticles in the 20 to 40 nm size range. Second,
once in the tumor interstitium, homogeneous distribu-
tion of nanoparticles and their encapsulated cargo
requires a smaller size design because of increased
restrictions on particle diffusion from the tumor matrix
(Figure 5). The development of size-shifting nanopar-
ticles, which decrease in size via enzymatic degrada-
tion inside the tumor microenvironment, has been
reported.17 This strategy would allow maximal loading
of cargo into larger-sized nanoparticles that cross the
vascular lumen to the tumor interstitium and then
shrink through partial degradation by tumor-secreted
proteinases to achieve more homogeneous tissue
delivery.28 Additionally, combination treatments with
tumor matrix altering strategies can also promote
uniform assess of nanoparticles to the tumor micro-
environment. Overall, the advantages of larger nano-
particles (with benefits such as increased functionality,
more sophisticated targeting chemistry, and enhanced
drug payload) must be balanced against those of
smaller nanoparticles (improved pharmacokinetics,29

tumor delivery,30 and clearance profiles31).
Finally, as demonstrated by others,27 different tumor

types will have distinctive responses to angiogenic
therapy, given the specific expression profiles of an-
giogenic and stromal factors. Therefore, an optimized
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tumor vessel remodeling strategy to enhance nano-
medicine delivery must be tailored to the tumor type
and perhaps also to the different stages of develop-
ment for a given tumor. For example, angiogenic
switch activation was reported to occur during early
stages of colorectal cancer development, between Tis
and T1 stages, when local invasion occurs.32 In con-
trast, squamous cell carcinoma of the glottic and
supraglottic larynx appears to have a higher level of
VEGF expression in T2 disease.33 The temporal relation-
ship between proangiogenic factor production and
antiangiogenic blockade needs to be carefully cali-
brated to manipulate the tumor vasculature normal-
ization window for enhanced nanomedicine delivery.

CONCLUSION

In summary, our study suggests that the combining
tumor vasculature remodeling strategy with nanopar-
ticle size design can improve delivery of nanoparticles
into solid tumors. Additional characterization of differ-
ent physical and chemical parameters of delivery
vehicles, including surface charge, the addition of
targeting moieties, and shape, would provide more
detailed insights into designing the most efficient
tumor-targeting nanomedicine. Tumor microenviron-
ment modification strategies could potentially provide
new design specifications for sophisticated nanome-
dicine that would lead to more effective and safe
cancer therapies.

METHODS/EXPERIMENTAL

Cell Lines and Animals. The breast adenocarcinoma cell line
MCaP0008was obtained fromDr. PeigenHuang (Massachusetts
General Hospital). The FVB and Tie2-GFP/FVB transgenic mice
were purchased from The Jackson Laboratory. To generate
transplanted tumor models, MCaP0008 cells (1 � 106) were
injected orthotopically into female FVB mice. When the tumor
reached approximately 8mm indiameter, it was excised and cut
into small viable pieces (approximately 1 mm3) and trans-
planted orthotopically into the mammary fat pads of female
FVB mice. All animal procedures were conducted according to
the protocol approved by the Mayo Clinic Institutional Animal
Care and Use Committee.

Mammary Fat Pad Window Preparation. Preparation of the mam-
mary fat pad window for intravital multiphotonmicroscopy was
performed as previously described.4 Briefly, Tie2-GFP/FVB mice
were anesthetized and placed on a heating pad. Surgery was
performed under sterile conditions by cutting a 15 mm di-
ameter circle of skin from an opposing surface of the mammary
fat pad. The exposed fascial plane consisted of epidermis,
mammary fat pad, and vasculature. A small piece of tumor
tissue was implanted under the fascial layer and covered with a

8 mm glass coverslip attached to a custom-made 10 mm
frame.34 The frame was sutured to the surrounding skin and
sealed with cyanoacrylate tissue adhesive.

Nanoparticle Synthesis and Characterization. Water-soluble
585 nm emission carboxy-terminated quantum dots were pur-
chased from Invitrogen Corp. Monofunctional amine-terminated
PEGof 2000 and 10000MWwere purchased fromSigma-Aldrich.
Conjugation was performed via carbodiimide-mediated chem-
istry, as described previously.11 Briefly, a 1:100 ratio of quantum
dots:PEG-amine molar mixture was reacted with a 1000:1 molar
ratio of N-dimethylaminopropyl-N0-ethylcarbodiimide:quan-
tum dots for 2 h. The finished product was purified using a
Sephadex (G-25) column (Sigma-Aldrich). The hydrodynamic
diameter and surface charge of purified QD-mPEG2k and
QD-mPEG10k were characterized using the Zetasizer Nano
ZS90 (Malvern).

Anti-VEGFR-2 Antibody Treatment. After the transplanted
MCaP0008 tumors reached a size of 4 to 5 mm in diameter,
theywere treatedwithmouse anti-VEGFR-2 antibody DC101 (Eli
Lilly) or control rat IgG (Jackson ImunoResearch Laboratories,
Inc.) at a scheduled dose of 20 mg/kg of body weight every 3
days for a total of three doses. Tumor volumes were measured
by caliper every 3 days and calculated as described previously.4

Figure 5. Proposedmechanism of improved nanoparticle delivery into tumors after vessel remodeling. (A) Before treatment,
tumor vessels are leaky. With other pathophysiologic features such as impaired lymphatic drainage and increased interstitial
fibrosis, the gradient between intravascular pressure and IFP is reduced, leaving nanoparticles (represented as gold circles)
unable to penetrate deeper into tumors. (B) Restoration of the structural integrity and function of tumor vessels reestablishes
this pressure gradient and improves tissue perfusion, facilitating effective delivery of nanoparticles from the vessel lumen to
the tumor interstitium. Once inside the tumor, smaller nanoparticles have less diffusional hindrance from the tumor matrix
(light blue lines: collagen) and achieve more uniform distribution and reach deeper areas of the tumor bed. IFP indicates
interstitial fluid pressure.
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Intravital Microscopy. Blood vessel imaging was performed on
days 0, 2, and 5 during treatment using a multiphoton laser-
scanning microscope customized for live-animal imaging. For
intravital imaging experiments, tumor-bearing mice were
anaesthetized and immobilized onto the microscope stage
using a custom platform to minimize motion from breathing
and circulation. Mice were kept alive on a heating pad and
sedated via isofluorane inhaled through a nose cone. All images
were acquired using a Prairie Ultima IV (Prairie Technologies)
upright in vivo two-photon microscope equipped with a 10� or
20� water-immersion objective (NA 0.95). Emission filters of
525 ( 25 and 620 ( 30 nm were used for green and red
fluorescent protein channels, respectively. All fluorophores
were excited with a MaiTai HP Ti:sapphire two-photon laser
(∼100 fs pulse width), at an excitation wavelength of 900 nm
(500 mW).
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