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A maj acle in luminescence imaging is the limited penetration of visible light into tissues and
ssociated with light scattering and autofluorescence. NIR emitters that can also be excited
with NIR radiation via two-photon processes can mitigate these factors somewhat, because they

opdiate at wavelengths of 650-1000 nm where tissues are more transparent, light scattering is less

I

efficient, and endogenous fluorophores are less likely to absorb. Here we present photolytically stable

inescent porous silicon nanoparticles with a relatively high two-photon absorption cross-

large emission quantum yield. We demonstrate their ability to be targeted to tumor tissues
the iRGD targeting peptide, and we visualize the distribution of the nanoparticles with

esolution.

Auth
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Photoluminescence is a versatile tool in chemical, biological, and biomedical science as it enables
operationally simple, cost-effective, non-invasive, sensitive, and rapid visualization of organisms at a
sub-ceIIWwith high resolution.™ Accordingly, various kinds of photoluminescent
organic/ing bels have been developed for the detection and imaging of analytes, biological
systems, &sues or events."® For imaging of tissues by laser-scanning confocal
fluoresqan cemmienes copy, typical exogenous luminescent probes offer imaging depths of only a few

tens of miws, owing to the scattering of light and interference of tissue auto-fluorescence

from intringjé fl phores such as riboflavin, flavoproteins, and nicotinamide adenine dinucleotide
(NADH)."® oton microscopy (TPM) provides a means to increase penetration depth and
improve spati solution due to the reductions in tissue auto-fluorescence and scattering
associated longer wavelengths of both the exciting and emitting photons.'**® Thus TPM has

been emp!oyeis a minimally invasive tool for numerous short-term and long-term animal

studies.™

Serg onductor nanocrystals have been harnessed as one- or two-photon imaging agents to

monitor ce fficking, tumor microenvironments, and tissue vasculature.**™ These materials
typically shgw rkable photo-stability compared with organic dyes, and some display sufficient

[17-18]

two-ph tion cross sections (TPACS, 0) to be of use in two-photon imaging schemes.
Silicon-base rystals have emerged as promising substitutes for toxic cadmium- or lead-based
semico ocrystals;**?! the aqueous degradation product of mesoporous silicon is

principally Si(OH)s, which is the form of silicon naturally present in tissues of the body.”? As
nanopartic!s, the mesoporous form of silicon has been shown to be useful for drug delivery

applications,ashere the 50 to 80% void volume leads to relatively high capacity for protein, small

molecule, acid payloads (typical mass loadings in the range of 10-20%).*%! The utility of

pSiNPs has hanced by the incorporation of tissue-specific targeting elements, which can

reduce the\gverall dose needed to effect productive therapeutic or imaging results in vivo.

W photoluminescence from quantum-confined porous silicon nanoparticles
(pSiNPs) m effectively harnessed for bio-imaging due to their tissue-penetrating NIR
[2

emission, ough applications are limited by the short wavelengths needed for efficient

excitation nm). Imaging silicon nanoparticles (both porous and solid forms) via two-photon

This article is protected by copyright. All rights reserved.
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excitation has been reported.®*33 While this has the potential to provide tissue images at greater
depths and at higher resolution, no live animal imaging results with intravenously administered
silicon W have yet been reported, presumably due to their relatively low TPACS and low
accumulati e imaged tissues. Here we demonstrate the utility of pSiNPs for in vivo two-
photon im&imizing the pSiNP size to maximize TPACS and by adding a peptide targeting
group temselestively accumulate the nanoparticles in tumor tissues.

Th%were prepared from highly doped p-type single-crystal silicon wafers in aqueous

ethanolic électrolyfes containing HF, using an electrochemical perforation etch followed by liftoff,

ultrasonic fract aging, and isolation as previously described.®" The perforation etch yields pSi
particles MOntrolled particle size and distribution. In the present case, we prepared two size

classes for son, one of nominal hydrodynamic diameter 60 nm, and the other of nominal
diameter 230 n:ienoted 60-nm pSiNPs and 230-nm pSiNPs, respectively (measured by dynamic

ultrasonic

light scattegi DLS. Figure la—1c, See Supporting Information, Supporting Figure S1-3). The
c;ture IProcess generated a native oxide on the porous Si skeleton (Figure 1a), and this

SiO, sheathgi ed a negative zeta potential (-37.4 £ 3.8 mV, Supporting Table S1) to the
nanoparticlgs. amples displayed bands in the infrared spectrum consistent with a hydroxylated
silicon retching mode at 1020 cm™, O-H stretching and bending modes at 3300 cm™ and

1640 cm™, tively, Supporting Figure S3). The x-ray photoelectron spectra (XPS) were

existence of a surface oxide layer on the nanoparticles (Figure 1d). Raman
spectroscopy (Si lattice mode at 515 cm™, Supporting Figure $3) and powder x-ray diffraction (XRD)
(Supportin!Figure S3) analysis showed the pSiNPs retained a crystalline silicon skeleton, although

there was a_broadening of the peaks associated with crystalline silicon post-ultrasonication. The

ultrasonica w ess also induced a decrease in the total pore volume and average pore diameter

as measured by nitrogen absorption-desorption isotherm analysis, consistent with the growth of a

SiO, sheathon the surface of the pore walls (Supporting Figure S4, Table S2).

H of the SiO, sheath activated photoluminescence (PL) from the nanoparticles
(Figure 1eBease in the PL signal is attributed to passivation of non-radiative surface defects

by the oxi Y The PL (Aex = 365 nm) from the 60-nm pSiNPs became detectable after 12 hr of

ultrasonic , and the intensity of PL maximized at an emission wavelength of 780 nm after

This article is protected by copyright. All rights reserved.
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approximately 48 hr of ultrasonication (Figure l1e, Supporting Figure S5). The PL intensity was
observed to decrease after 48 hr of ultrasonication (Supporting Figure S5), presumably due to
degradaMsolution of the nanoparticles. The radiative recombination of electron-hole pairs
confined i line silicon domains is reported to occur at dimensions smaller than 5 nm,
approximamiton diameter for crystalline silicon.®™ The calculated crystallite size in the
skeletomofuthesé@=mm pSiNPs, determined using the Debye-Scherrer formula from powder XRD data,
was 1.5 nrrwting Figure S3; formula in Supporting Information). Thus the nanoparticles can be
considere colsjst of an ensemble of quantum-confined domains dispersed in the nanoparticle
skeleton. damine 6G as a standard, the 60-nm pSiNPs showed a quantum yield of 22.3%
(SupportinmSG), substantially greater than the 9.4% quantum vyield of the larger 230-nm
pSiNP prep i

pSiNPs is :E at this time, but it may be due to the presence of fewer quantum-confined

Supporting Figure 5$7).2% The reason for the greater quantum yield of the smaller

domains i nanoparticle that can undergo proximal quenching. Alternatively, the smaller

nanopartirSS may possess a more complete passivating oxide shell.®® As expected for quantum-

confined si

of microsem half-life measured at Aey, = 780 nm of 106 and 121 s for 230-nm pSiNPs and 60-
nm pSiNPs, Fés

he PL emission lifetime for both nanoparticle formulations was on the timescale

ively; Supporting Figure S8, Table S3).

Wen ermined the two-photon transition probability of the pSiNPs using luminescence

correla copy (LCS). We scanned the excitation wavelength range from 750—-1050 nm and
collected emission signals in the wavelength range 560-740 nm to avoid interference of the
excitating SOtons with the pSiNP emission spectrum (Figure 1e). For a process in which excitation
results from_simultaneous absorption of two photons, the luminescence emission intensity is
expected t guadratically on average excitation power Py, or lp, = (Pex)2 x At x C, where Ip is

the amount oluminescence light detected, At is the duration of the pulsed excitation, and C

represents\gonstants associated with the experimental set-up.?”’ The measurements were carried
out by varling th' incident power and recording the corresponding emission intensities for two
separate excitation wavelengths, 800 nm and 850 nm. A log-log plot of emission intensity vs incident

power yielded a Slope of approximately 2.0, as expected for a two-photon absorption process

(Figure 2a). Undtwo—photon excitation conditions (Aex = 850 nm), strong PL was only observed at

This article is protected by copyright. All rights reserved.
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the focal point of the exciting beam, in contrast to the PL observed along the entire beam path for

one-photon excitation (Aex = 365 nm) (Figure 2b).

iH!!wo—p!oton absorption cross-sections (TPACS, d) of the 60-nm pSiNPs were determined

in the exo ange 750-1050 nm using rhodamine 6G as a reference (Figure 2c).*3% The

maximum 60-nm pSiNPs was found to be 5.57 GM (Goppert-Mayer, 1 GM=10"%cm®s per

m 0
photon), agg it occurred at an excitation wavelength of A, = 800 nm (Figure 2d; for calculation see
the Experi ection). The TPACS of the 60-nm pSiNPs was substantially larger than the
corresponding TPAES of the 230-nm pSiNPs at A., = 800 nm (5.57 GM vs 1.86 GM for 60-nm and 230-
nm pSiNPs, respectively, Figure 2e). For comparison, the maximum TPACS for rhodamine 6G in this
wavelengtRiralige 48 55 GM (at Ao, = 750 nm).** However, the 60-nm pSiNPs showed superior photo-
stability CE with the organic dye when subjected to two-photon excitation; negligible

emission c ere observed with 20 mW of laser excitation (Aex = 850 nm) over a period of 60

min, wher mine 6G showed a 40% loss in intensity under the same conditions (Figure 2f).
The resilie onstrated by the pSiNPs is important for biological imaging applications where
longer me t timescales might be needed and where chromophore photo-stability can be a
limiting factor as assaying protein activity, monitoring cellular redox potentials, tracking cell
migrati tifying accumulation or clearance of probes in tissues.

We valuated the nanoparticles as two-photon imaging agents in a tissue-specific
targeti n. For this study we chose the tumor-homing peptide iRGD (sequence:

CRGDKGPDC), for two main reasons: (1) it is known to provide selective targeting to (neuropilin-

S [40];

positive) t and (2) it has also been shown to be highly effective in targeting pSiNPs to

tumors in g @ xenograft model™. Due to their superior two-photon cross section, these studies
used the 60<mmag#@ther than the 230-nm pSiNP formulation. The peptide was attached to the pSiNPs
via a bMoly(ethylene—glycol) (PEG) linker (Figure 3a) as follows (Supporting Figure S9): a

cystein e peptide was coupled to a maleimide group on one end of the PEG linker; the
other eerer contained a succinimidyl valerate group, which was coupled to a free amine

on the pSiﬂe. The free amine groups on the pSiNP surface were previously generated by
hydrolytic tion of 2-aminopropyldimethylethoxysilane (APDMES). The mean hydrodynamic

diamett{ulting construct (named, “60-nm pSiNP-iRGD”) increased from the original 60 nm

This article is protected by copyright. All rights reserved.
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to 90 nm (mean z-average, intensity based), indicating that the conjugation chemistry placed a ~15
nm corona around the pSiNP core. The polydispersity index measured by DLS was < 0.2, indicating
that thewbstantial aggregate formation caused by the conjugation chemistry (Supporting
Figure S9). intensity of the pSiNP-iRGD construct under two-photon excitation (Aex = 850 nm,
power = Zasimilar to the pSiNP starting material, and it similarly showed good stability
during fier i6@mmimmof exposure to the excitation source (Supporting Figure S9). The longer-term
stability ofm)particle construct was assessed in a simple pH 7.4 buffer solution maintained at

37 °C, usingf@ne@hoton photoluminescence measurements. Under UV excitation (A, = 365 nm), the
60-nm pSiNRgi construct lost ~20% of its PL intensity within 1 hr, 50% within 2 hr, and PL was

near zero mr (Supporting Figure S10).

w i ated with Hela cells, in vitro cellular TPM images indicated significant uptake of
the 60-nm pSiNP-iBGD (Figure 3b, Supporting Figure S11). The nanoparticles localized to the cytosol
of the cells isplayed a greater level of cellular uptake relative to un-targeted control pSiNPs,

consisting bare pSiNPs (containing just a simple oxide coating) or where the PEG-linker was

present bu tide was replaced with a methoxy group ("pSiNP-mPEG").

We e rformed a series of experiments to determine if normal tissues would interfere
with th -photon imaging modality used to detect the pSiNPs. For this evaluation we dissected
individual o rain, kidney, lung, spleen, and liver) from mice and then incubated them (2 hr, 37
°C)inP in a solution of un-targeted, oxide-coated 60-nm pSiNPs (10 mg mL™). Both one-

photon (confocal laser scanning microscope, CLSM) and two-photon images were obtained

(SupportinhlZ). Whereas control tissue samples incubated in buffer-only displayed minimal
PL signals mservation channel in either one-photon or two-photon imaging modalities, all

organs inc ith pSiNPs displayed strong PL signals (Supporting Figure S13). The signals were

more pﬂthe near-surface region of the organs, though the two-photon images showed
strongemsi the pSiNPs at depths > 30 um into the tissues relative to one-photon CLSM, as
can be Hfrom the greater penetration depth of the two-photon imaging modality

(Supportinﬁll S13).

<
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Finally, we evaluated the ability of the targeted pSiNPs to image a near-surface tumor by
TPM, using a mouse xenograft tumor model and 60-nm pSiNPs-iRGD nanoparticles as the imaging
agent. TWg mice were prepared by subcutaneous inoculation of Hela cells in the dermal
layer (>20 pth) of the right hind limb (Figure 3c, see Methods section in the Supporting
Informatiomimaging, the morphological properties of the tumor (Figure 3b, right) and
normal i igumesdlomleft) tissue regions were evaluated using optical coherence tomography (OCT).**
#l The anwc OCT images revealed randomly distributed, undefined blood vessels in the
region surr@the tumor nodule, and the cross-sectional y-z axis-scanned OCT images provided

depth info on the tissues: epidermal layer (050 um from skin surface) and dermal layer

(below 50 moorting Figure S14).

TP i were then monitored in the region of the tumor nodule. The 60-nm pSiNP-iRGD
construct (20 kg) was administered via intravenous tail-vein injection and monitoring
commenceﬂ post-injection, to ensure sufficient time for blood circulation. The data showed

o_

substantial hoton signals in the dermal layers (125-155 um) compared with the PBS-injected

control, indieai f accumulation of the nanoparticles in the tumor region (Figure 3d, Supporting
Fig. S15). The hoton emission signal was relatively stable throughout the 1-hour monitoring

period. ependence of the TPM signal was assessed from the superficial dermal layer

(100-150 um the skin) to the internal dermal layer (200—250 um from the surface) at regular

interval

the tumor region, for a period of 60 min post-injection (Figure 3e, Supporting
Figure S16, Supporting Movie S1-S2). The PL emission signal was recorded in two wavelength
channels: 480-430 nm, the region where the second harmonic generation (SHG) signal from collagen
fibers in the degmal layer appears;*” and 560740 nm, the emission window for the 60-nm pSiNP-

iRGD cons ages were acquired under the same two-photon excitation conditions (Ae = 850

nm, power = 50 mW). The SHG signal from collagen was strong in the superficial dermal layer (blue
channel inRigure 3e), and the signal from the nanoparticles was strongest in the zone between 170
um and Zli pum fr'n the skin surface (internal dermal layer, red channel in Figure 3e). The z-stacked
TPM images of normal and tumor regions at 140-215 um depths, obtained before injection and

after injection os the 60-nm pSiNP-iRGD construct, showed selective accumulation of the

<
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nanoparticles. Control injections of PBS showed no significant interference from biological tissues

(Figure 3f and Supporting Figures S16-517).

i*/n vivo TPM imaging capability of pSiNPs was compared to the standard two-photon

absorber 6G. Both probes were injected locally into the dermis near the tumor (at a
depth of

systemlcalgadmmlstered rhodamine 6G shows no organ or tumor specificity. For TPM images of

ely 200 um from the surface). We chose a localized injection because

approxima parable intensity (Supporting Figure S18), the pSiNP dose needed to be much
larger (40 ‘g) rel,ive to rhodamine 6G (20 ng). This reflects the substantially lower two-photon
absorption crossssection (Figure 2) and the lower emission quantum yield (Supporting Figure S6) of
the pSiNP ivgl to rhodamine 6G. Thus although the present in vivo TPM results demonstrate
that the Etion of near-infrared (NIR) emission and NIR two-photon excitation can

substantial ve the image quality relative to one-photon, UV-excitation, the pSiNPs are

apeutic payloads, and its ability to selectively and multivalently target tissues

substantial r than a standard molecular TPM probe. The low toxicity of the silicon system, its
ability to

the silicon rial.

ution and histological studies of the organs collected from the same mice (n=4) 60 min
post-injecti analyzed by ex vivo TPM imaging and haematoxylin/eosin (H/E) staining. In the
TPM i y ntially higher PL intensity was observed in the tumor (hind limb) in comparison

with the miin organs (brain, kidney, liver, and lung) and PBS-injected control mice (n=4) (Figure 3g—

offer substadaii antages to motivate further studies to improve the two-photon cross section of
n

3h, Suppo ure S19). The biodistribution data are consistent with the selective homing

property p seen for peptide-targeted pSiNP formulations. > ****® Histopathology showed no
Bxicitdh

significant the tissues relative to the control (Supporting Figure S20).

Thi§study represents the first example of two-photon imaging of pSiNPs in live animals, and

it demonirates 'a potential application in selective tumor imaging. The tumor imaging

demonstra ented in this work highlights two advantages of pSiNPs as imaging agents: their

multivalent targetlidg capability for selective tissue homing and their low systemic toxicity. The 60-

nm pSiNP formtion showed higher quantum vyield (22.3%) and greater two-photon absorption

This article is protected by copyright. All rights reserved.
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cross-section (5.57 GM at 800 nm, 4.29 GM at 850 nm) relative to larger pSiNPs. While the two-
photon absorption cross-section is modest relative to standard molecular two-photon imaging
agents Mdamine 6G, the photostability under excitation conditions was found to be

substantial

r
I
Experimen ion
Preparatio‘ of p,NPs (60 nm size): Porous silicon nanoparticles (pSiNPs) were prepared by
electrochemical_etching of highly doped p-type single-crystal silicon wafers in an electrolyte
consisting m:v) 48% HF:absolute ethanol. CAUTION: HF is highly toxic and corrosive and

contact wi ould be avoided. Procedures involving HF should always be carried out in a fume

hood configured t@ handle HF and the operator should wear appropriate protective gloves, gown,
and face shij e synthetic procedure is outlined in Supporting Figure S1. The Si wafers were
contacted @g the backside with a strip of Al foil. Prior to preparation of the porous layers, the wafer

surfaces wege ed using a sacrificial etch consisting of electrochemical anodization (60 sec, 50

mA cm™) b trolyte consisting of 3:1 (v:v) 48% aqueous HF:absolute ethanol, followed by

ethanolgsi dissolution of the porous film with aqueous KOH (2 M). The wafer was rinsed

[34]

with water, anol. A perforation etching waveform™™ was used to prepare the porous layers,

which current density pulse of 50 mA cm™ of 0.60 sec duration, followed by a current
density pulse of 400 mA cm™ of 0.363 sec duration. This waveform was repeated for 500 cycles,
generating@ porous nanostructure consisting of ~60 nm-thick porous silicon layers separated by high

porosity ("pe ation") layers (Supporting Figure S1). The porous silicon (pSi) layer was removed

from the s bstrate by application of a current pulse of 4 mA cm™ for 250 sec in a solution

containing 1:20 (v:v) aqueous HF:absolute ethanol (lift-off step). The freestanding films (~63 mg)
were fractked by ultrasound in deionized water (DI H,0, 6 mL) for 48 hr, and aged for 24 hr at room

temperatuge (25 °@). The resulting surface-oxidized porous Si-SiO, frame-sheath nanoparticles were

#SLGPO33RS, thera 100 nm model #SLVVO033RS), and used without further purification. The

concentration of:e resulting pSiNP solution was ~10 mg mL™ in DI H,O (5 mL), yield: 80%. The

This article is protected by copyright. All rights reserved.
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duration of ultrasonication used in the above description was determined by a systematic
optimization study, where nanoparticle size was analyzed as function of time (12—60 hr) of

uItrasoW average size and size distributions were monitored by dynamic light scattering
(DLS) and ed by transmission electron microscopy (TEM). The nanoparticle size became
smaller ov&d the 48 hr ultrasonication time was found to yield particles with average
hydrodymamiemsimmeters of ~60 nm.

Grafting O&D to pSiNPs: The 60-nm pSiNPs were separated from the stock solution of pSiNPs

prepared @bove centrifugation (15,000 rpm, 15 min) using a centrifugal filter (Millipore,
MRCFOR100). as-collected pSiNP pellet (1 mg) was re-suspended in ethanol (1 mL),
aminopropyldihetliylethoxy-silane (APDMES, 20 uL) was added, and the mixture was agitated for 4
h. The ami noparticles (pSiNP-NH,) were then purified three times by centrifugation from

ethanol to_elimigbte unbound APDMES. Then a solution (200 pL) of one of the desired
heterofuncti inkers maleimide-PEG-succinimidyl valerate (MAL-PEG-SVA, MW: 5,000, 5 mg mL*
in ethanol)er methoxy-PEG-succinimidyl valerate (mPEG-SVA, MW: 5,000, 5 mg mL " in ethanol) was
added to t imgted nanoparticles (1 mg in 800 puL) and agitated for 2 h. The resulting PEGylated
nanoparticlgs iNP-PEG  or  pPSiINP-mPEG) were isolated and purified by

centrif i pension in fresh ethanol three times. For the peptide-conjugated (targeted)
formulations, peptide (sequence CRGDKGPDC, cyclized between the two cysteine residues, 100
pL, 1 i H,0) was added to 100 uL of pSiNP-PEG in ethanol, incubated at 4 °C for 4 h,

purified three times by centrifugation, dispersed in PBS (pH 7.4, 100 pL), and stored at 4 °C before

use. !
Photo/umistudy of pSiNPs: Nanoparticles (either the 60-nm or the 230-nm sizes) were

dispersed nol, and photoluminescence intensity was measured using a cooled CCD
spectrome nOptics QEPro) using a 365 nm LED light source, a 370 £ 20 nm bandpass filter
for exciEa 510 nm longpass emission filter. The integrated photoluminescence intensity
was oth wavelength range 500-980 nm. Plotted values represent average values (n=4)
with errorzresenting 1 standard deviation (SD). For the experiments where PL intensity of

pSiNPs wa red as a function of time during aqueous dissolution, particles were dispersed in

PBS (pH 7. g mL™) and incubated at 37 °C. The PL intensity was measured at each time point,

This article is protected by copyright. All rights reserved.
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and particles were transferred to fresh PBS using centrifugation (15,000 rpm, 15 min) through a

centrifugal filter (Millipore, MRCFOR100).

Measurehm of two-photon cross-sections of pSiNPs: The two-photon cross-section (8) was

determine e femtosecond (fs) fluorescence measurement technique. Nanoparticles were
dispersed in DI'H,0 and the two-photon induced luminescence intensity was measured against a
rhodamﬂl mdard (QY=0.95). 100 pL (1 mg mL™) of each sample was loaded in single-well glass
slides (CITht# 2306-0001, Citotest, China) and covered with a glass cover slip. The edges of
the cover slip werg coated with a transparent nail polish to prevent evaporation of solvent before
mounting the slide on the vibration isolation table. The intensities of the two-photon induced
luminesceniceSpegira of the reference and of pSiNPs were measured under the same excitation
conditions, wo-photon cross-sections were calculated using the relationship 6, =
6:(SsD.n.c,) /(5. D ), where the subscripts s and r stand for the sample and reference molecules,
respectivelyzSqi integrated fluorescence intensity at focal plane; @ is the fluorescence quantum
yield; n is ®he overall fluorescence collection efficiency of the experimental apparatus; c is the

number dmhe molecules in solution, based on a mass estimation; and &, is the two-photon

cross-secti reference sample. The two-photon absorption cross-section (TPACS, GM) was

calcula relationship GM= 6,,.,@; where @ is the fluorescence quantum yield of the

nanoparticles.

Prepar se xenograft tumor model and in vivo TPM imaging: Hairless mice (SKH1-HrHr, 6

weeks, female) were anesthetized via inhalation of a gas mixture of 1.5% v/v isoflurane (TerrellTM,

r

Piramal, U edical grade oxygen, and then Hela cells (5 x 10° cells) were subcutaneously

(SC) inject right side of the hind limb (dermis layer). TPM imaging was performed 10 days

O

after SC in) f the Hela cells; tumor growth sufficient for the experiment was confirmed by

naked eye optical coherence tomography (OCT). The prepared mouse was placed on a

N

custom imell limb holder, that was configured to maintain constant temperature and to

L

provide via a motorized X-Y translational stage. The 60-nm size pSiNP-iRGD formulation

(20 mg kg’ ravenously injected via tail-vein. In vivo TPM images were obtained with 850 nm

U

excitation laser power), and PL intensity was quantified in the wavelength range 560-

740 nm. T ensional volumetric scanning was performed at 0.4 frames sec” and a stepwise

A
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increment of 3 um in the z-direction. For the control experiment, TPM imaging was performed under
the same experimental conditions after intravenous tail-vein injection of phosphate-buffered saline

(PBS, ZW of pSiNPs. Time-lapse images were acquired for 60 min with a time interval of 6

min underdperimental conditions.

Supportin*tion
Supporting@ion is available from the Wiley Online Library or from the author.
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Figure ration and characterization of 60-nm pSiNPs. (a) Schematic illustration of the
skeletoft* Si0, structure of the porous silicon nanoparticles used in this study. (b)
Transmission electron microscope (TEM) images of the pSiNPs. These particles were prepared by
ultrasonicdgion in deionized water for 48 hr. (c) Mean hydrodynamic diameter (intensity distribution)
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of nanopa t were ultrasonicated for the indicated time periods, measured by dynamic light
scattering rticles were isolated at the indicated time points, rinsed, and redispersed in
deionized H,0) for the measurement. (d) X-ray photoelectron spectra (XPS) in the Si2p and

O1s regions oparticles that were ultrasonicated for the indicated time periods. "As-etched"
refers to the as-etched pSi film, prior to ultrasonication. Assignments: SiO/SiO, at 102-104 eV (Si2p)
and 532 . () Absorbance and photoluminescence emission spectra of the 60-nm pSiNP
formula uminescence measured in ethanol using ultraviolet excitation (Ao, = 365 nm).
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Figure 2. T:n photoluminescence characteristics of 60-nm pSiNPs. (a) Log-log plot showing

laser pow ence of the photoluminescence intensity from 60-nm pSiNPs dispersed in DI
H,0. The p8iN
(red circles), and photoluminescence intensity was collected in the wavelength range 560-740 nm

re excited using a Ti:sapphire laser emitting at 800 nm (black squares) or 850 nm

(see M section in the Supporting Information). (b) Photographs showing illumination of a
dispersion of 6 pSiNPs in DI H,0 using one-photon excitation (A, = 365 nm, light comes from
right) a wo-photon excitation (Aex = 850 nm, power = 100 mW). Scale bar is 1.0 mm. (c)
Two-photon photoluminescence intensity as a function of A, for 60-nm pSiNPs, rhodamine 6G, and
DI H,0 control. The pSiNP and rhodamine 6G samples were dissolved in DI H,0. Samples were
excited at Mted two-photon excitation wavelength and the photoluminescence intensity was
quantified ipgthe range 560-740 nm. The same laser power (4.8 mW) was applied for each
measurem w wo-photon absorption cross-sections (GM) of 60-nm pSiNPs in DI H,0 as a

ation wavelength. The error bars represent standard deviation calculated from

function o
triplicate ents (see details in Supporting Information). (e) The two-photon-induced
photolumifgscence intensity of 60-nm pSiNPs and 230-nm pSiNPs in DI H,0, measured at excitation

wavelengths of 80Q nm and 850 nm, as indicated. The same laser power (4.8 mW) was applied, and

the pho ence intensity was quantified by integration over the wavelength range 560-740
nm. Stand tions calculated from triplicate measurements. Each sample contained the same
concentratj NPs (1 mg mL™) or rhodamine 6G (1 uM). (f) Comparison of photostability of 60-
nm pSiNPs and -6G in DI H,0 under two-photon excitation conditions (A., = 850 nm, laser power
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=20 mW). Relative photoluminescence intensity was monitored for 60 min at 2-min intervals. The PL
signal was collected over the wavelength range 560-740 nm.
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Figure 3. /hd in vivo two-photon microscope images of porous Si nanoparticles selectively

targeted to issues. (a) Schematic illustration depicting the structure of the 60-nm pSiNP-iRGD

construct @D specific targeting peptides attached to the pSiNP via 5 kDa PEG linkers, "pSiNP-
iRGD"). (b) / 0 TPM images of Hela cells treated with targeted and control 60-nm pSiNPs (20 ug
per well) a in incubation at 37 °C. The designation "pSiNP" represents control 60-nm pSiNPs

containj tive oxide surface chemistry. The designation "pSiNP-mPEG" represents control
pSiNPs congiaininghe 5 kDa PEG linkers, but each PEG is terminated with a methoxy group instead
of the targ€ting peptide. Laser power 10 mW at the focal plane. (c) Photograph of xenograft tumor
in the hinma mouse, obtained under ambient light, showing the regions where the in vivo
TPM imag ollected for normal (blue, left) and tumor (red, right) tissue samples. (d) Intensity

of signa& from TPM images of live animals, obtained in the tumor region for mice injected
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with 60-nm pSiNP-iRGD (20 mg kg™, n=4) or with PBS control (n=4), monitored as a function of time
post-injection. Time point 0 represents measurements made on animals prior to injection. Laser
power ~50 mW at the focal plane. The intensity data were derived from the TPM images at a depth
of 140 He epidermal surface of the animal (along the z-direction), and the inset images
correspond ame depth, obtained 60 min post-injection. Scale bar is 35 um. (e) /n vivo TPM
ggion acquired at the indicated depths, 60 min post-injection of 60-nm pSiNP-iRGD

aser power ~50 mW at the focal plane. The images shown are representative images

images of
(20 mg kg™).
out of 5 sgglonal Images obtained from depths in the range 100—250 um. The red signals and blue

signals w ted in the wavelength range 560-740 nm and 400-430 nm, respectively,

correspon téythe pSiNP and the collagen signals, respectively. (f) Sections from in vivo TPM
images fr norgial and tumor regions, obtained at a depth of 140-215 um prior to injection
d in post-injection of either PBS or 60-nm pSiNP-iRGD formulation. (g) Ex vivo TPM

images of @fgalys Narvested from animals that were sacrificed 60 min post-injection of 60-nm pSiNP-

(control) an

iRGD (tail- if€ction, 20 mg kg™). The images shown are representative images obtained at a
depth of 43. (h) Biodistribution of pSiNP-iRGD derived from measured PL intensity from the
ex vivo TPM image§ of panel g. The percentages represent relative PL intensity from each organ after
baseline subtraction; baseline values for each organ were obtained from the PBS-injected controls.
All TPM im@ges were obtained with 850 nm excitation, and emission intensity was measured in the
wavelengt 60—740 nm.
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