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Abstract: We present a novel process for the production of three-layer 
Composite Nanoparticles (CNPs) in the size range 100-300 nm with an up-
converting phosphor interior, a coating of porphyrin photosensitizer, and a 
biocompatible PEG outer layer to prevent clearance by the 
reticuloendothelial system. We show that these CNPs produce millimolar 
amounts of singlet oxygen at NIR intensities far less than other two-photon 
techniques. 
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1. Introduction  

Up-conversion phosphors (UCPs) are ceramic materials in which rare earth atoms are 
embedded in a crystalline matrix. The materials absorb infrared radiation and up-convert to 
emit in the visible spectrum through a series of real as opposed to virtual levels as in 
conventional two-photon dyes. The upconversion mechanism can be described as either 
sequential excitation of the same atom or excitation of two centers and subsequent energy 
transfer [1-4]. The emission of UCPs consists of sharp lines characteristic of atomic 
transitions in a well-ordered matrix. By use of different rare earth dopants, including Er3+, a 
large number of distinctive emission spectra can be obtained that can be tailored to the 
photosensitizer excitation spectra. Their main advantage is the sequential 2 (or higher) photon 
nature of the excitation process, which gives rise to the very low power levels associated with 
upconversion. The excitation intensities we use here of Watts/mm2 are 107 times less than the 
intensities needed for 2-photon excitation of typical organic dyes[5]. The adsorption 
maximum of the Er3+ ion is centered at 975 nm and is ideally suited for photodynamic therapy 
(PDT) since it can be easily excited using very low cost IR CW diode lasers, and it falls in a 
region of relative transparency for penetration in tissue. Another advantage of UCPs is their 
resistance to photobleaching. Since these transitions come from rare earth atomic orbitals and 
not molecular orbitals UCPs do not photobleach as do organic dyes, we have illuminated these 
materials for days at high levels of emission output and not observed any decrease in the 
effective quantum yield. Since they emit from the inner I-shell levels of the rare earths the 
emission lines are relatively harp (10 nm).  

While the NIR excitation of UCP particles addresses the problem of tissue light 
penetration, three remaining problems are: (1) elimination of systemic soluble porphyrin, (2) 
the efficient capture of photons and production of singlet oxygen, and (3) biocompatible 
delivery to the cancer site. We address these issues by presenting complex UCP core 
nanocrystals consisting of an inner UCP core, an intermediate coat of a tetraphenylporphyrin 
(TPP) which is excited by the up-converted 560 nm light generated by two 980 nm photons 
absorbed by the UCPs, and an outer layer of polyethylene glycol (PEG) which acts a 
solubilizing agent and also allows penetration of O2 and diffusion of singlet oxygen. The PEG 
also serves to make the nanoparticles biocompatible and can be used for further chemical 
modification. The control of nanoparticle size is important because carriers with sizes between 
100nm and 300 nm having a biocompatible PEG coating concentrate in cancer tissue using 
the defective endothelial cell lining of the vasculature in fast growing solid tumors [6]. This 
size-based targeting mechanism is termed Enhance Permeation and Retention (EPR). 

2. Results 

The core UCP nanocrystals are synthesized by a high temperature ligand exchange reaction[7] 
which produces nanoparticles of approximately 160 nm in diameter with a hydrophobic 
TOPOA (trioctyl phosphene-oleic acid) surface coating. The co-encapsulation of the UCP 
nanocrystals with the organic porphyrin sensitizer and a PEG protective layer to form the 
complex functional nanoparticle UCPs can be easily done in one step using our Flash 
NanoPrecipitation process[8]. The scheme for this assembly is presented in Fig. 1. The 
assembly process involves O(ms) rapid micromixing of a water-miscible organic stream 
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containing hydrophobic UCP particles, hydrophobic tetraphenylporphyrin (TPP) , and a block 
PEG copolymer (BPC) against a water stream as the anti-solvent. Producing supersaturations 
as high as 1000 in milliseconds initiates non-selective, diffusion limited aggregation and the 
formation of composite particles with the desired properties. Details of the CNP-UCP 
assembly can be found in Supplementary Materials. Briefly, the nanocrystals were suspended 
in THF at a concentration of 1.0 mg/ml, while the BCP consisted of a 7K hydrophobic 
polycaprolactone (PCL) block and 5K hydrophilic polyethylene glycol (PEG) block.  

Analysis of the size distribution of the output of the micromixer using dynamic light 
scattering for various ratios of BCP:UCP:TPP is shown in Fig. 2. The uncoated UCPs are 
narrowly distributed with mean size of 160 nm. Addition of the TPP splits the distribution into 
two populations: a larger composite object with a size of 280 nm which is presumably the 
fully self-assembled composite nanoparticle (CNP) and smaller objects of roughly 60 nm 
which are presumably micelles formed by BCP surrounding a core of TPP. Since as the 
porphyrin concentration increases the porphyrin-only population gains higher and higher 
representation while the larger objects do not shift in size we surmise that the TPP 
photosensitizer forms a thin layer around the crystals, with all excess materials going to the 
porphyrin-only particles, that is, the nanocomposite 280 nm particles form a homogenous and 
well defined class of objects.  

Figure 3 shows the emissions from crystals encapsulated in CNPs as well as the 
absorption spectrum for those particles.  

 
Fig. 2. Particle size distributions (normalized to constant area) for varying ratios of 
BCP:UCP:TPP in the turbulent micromixer. The initial distribution of the bare UCPs in 
hexane is the solid green line. 

 
Fig. 1. Schematic representation of Flash NanoPrecipitation method for assembly of the 
composite nanoparticles incorporating the highly hydrophobic organic photosensitizer, 
tetraphenylporphyrin (red), 170-nm hexagonal NaYF4:Er3=,Yb3+ upconversion crystals 
(green) in a shell consisting of PEG(5k)-b-PCL(7k) amphiphilic block copolymer. All the 
constituents are initially dissolved or suspended in the organic phase, which is mixed at 
high speed against a large volume of water (10:1 water:THF), yielding the composite 
nanoparticle (CNP) structure shown right. 

 

#103213 - $15.00 USD Received 27 Oct 2008; revised 8 Dec 2008; accepted 10 Dec 2008; published 22 Dec 2008

(C) 2009 OSA 5 January 2009 / Vol. 17,  No. 1 / OPTICS EXPRESS  82



The upconversion spectra display sharp peaks both as unprotected particles in THF and as 

 
Fig. 4. Microscopy setup for the singlet oxygen production test using a fluorescent dye 
assay. Samples containing composite nanoparticles and the fluorescent dye ADPA were 
loaded into 1-mm wells drilled into glass microscope slides. The dye was imaged 
epifluorescently, with excitation at 380nm and emission collected from 430-480nm. IR 
excitation was delivered from below the well, with a 2.5 Watt infrared laser beam focused to 
a 0.3mm spot. UV and IR excitation light, as well as the visible emissions from the particles 
were filtered out and only the blue fluorescence signal from the ADPA was recorded for 
each sample. 

 
Fig. 3. Emission spectrum for upconversion crystals (lower spectrum) juxtaposed 
with absorption spectrum of tetraphenylporphine (TPP) photosensitizer (upper 
spectrum). Both spectra were collected from assembled nanoparticles rather than the 
components in an organic solvent, though the results were virtually identical for the 
latter case. Both spectra display strong, sharp peaks with overlap of the emission of 
the UCP  and absorption by the TPP in the 550-nm region. 

 

#103213 - $15.00 USD Received 27 Oct 2008; revised 8 Dec 2008; accepted 10 Dec 2008; published 22 Dec 2008

(C) 2009 OSA 5 January 2009 / Vol. 17,  No. 1 / OPTICS EXPRESS  83



composite nanoparticles in water. The sharp emissions peaks are typical of rare earth 
upconversion materials and their emissions from atomic orbital transitions[9]. Overall 
brightness was attenuated by 50% to 90% upon polymer encapsulation. This effect was the 
most pronounced for high-BCP concentrations, (recipes with 6:1 and 3:1 polymer-to-crystal 
loading ratios), while low-block copolymer formulations (0.1:1   polymer:crystal) showed the 
least attenuation. The inclusion of porphyrin in the particles further diminished measured 
emissions intensity via absorption attenuation. 

Following literature protocols [10, 11] singlet oxygen production by the CNPs was 
monitored in a solution containing the fluorescent dye 9,10-anthracenedipropionic acid 
(ADPA). The fluorescence of dye is quenched upon reacting with singlet oxygen, allowing the 
time course of singlet oxygen production to be monitored by tracking ADPA concentration. 
We used an epifluorescent microscopy setup to image the ADPA, while providing IR 
excitation from below the microscope stage, as depicted in Fig. 4. The method of 
photographing CNP-ADPA mixtures in glass microwells and then taking an average blue-
channel or grayscale intensity proved to be a valid method for measuring ADPA 
concentration. Pixel intensity was linear in ADPA concentration for all CNP-ADPA 
preparations. Consequently, changes in average blue-channel or grayscale intensity were used 
to monitor ADPA concentration as a function of IR exposure time. 

Measurable, unambiguous infrared-initiated singlet oxygen production was observed 
using a composite nanoparticle recipe of 1:1:2 PEG-PCL:UCP:TPP in 3x PBS and 0.05g/L 
ADPA (100 micromolar). The sample was loaded in a glass microwell and immobilized by a 
glass cover slip (preparation of the well and sample described in Methods). A 5 second image 
of the well was captured once every 7 minutes, with a total UV exposure time of 
approximately 10 seconds per 7-minute cycle. For the first six cycles, no NIR excitation was 
provided. From minute 42 onward, 20 W/mm2 of 975nm infrared light were delivered to the 

 
 

Fig. 5. Time course of ADPA bleaching during NIR-exposure. The right panel shows images from the 
first 98 minutes of testing, with minimal bleaching in the first three frames (no NIR input), and 
significant bleaching in the subsequent frames. This is illustrated in the curve in the left panel: the UV 
needed to image the ADPA dye leads to some baseline bleaching, but the ADPA bleaching takes on a 
markedly different rate under infrared illumination. We use a log-log scale, showing the power-law 
behavior of the bleaching. 
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well in 7-minute intervals, during NIR exposure the UV excitation was turned off. Figure. 5 
plots the time course of the average image intensity over the 150 minutes of testing. The first 
four data points on Fig. 5 are controls with no NIR illumination, with only the 10 second 
illumination by the 380 nm probe beam to measure ADPA fluorescence. A minor amount of 
photobleaching from the probe beam is observed. However when the NIR illumination is 
initiated at 42 minutes a dramatic increase in the bleaching rate and hence singlet oxygen 
production is observed. As is evident when the bleaching kinetics are plotted as log(intensity) 
vs. time the bleaching decay is not a simple exponential but rather a clear power-law 
response with a slope of -1. This finding was consistent with the ADPA bleaching being a 
bimolecular reaction with the initial dissolved [O2] concentration approximately the same as 
the [ADPA] concentration of 100 micromolar. If most of the change can be attributed to the 
IR illumination, this would correspond to an average ADPA bleaching rate of 1.1 x 103 mmol 
/ L-min during the IR exposure period. Since the ADPA reaction will not capture all of the 
produced singlet oxygen, this serves as an underestimate of the singlet oxygen production 
rate. A control experiment was performed to compare singlet oxygen production in CNPs 
with and without porphyrin. The particles without TPP showed no bleaching of ADPA, 
indicating that the porphyrin is a necessary component of this system (data not shown). 

3. Conclusion 

We have demonstrated a functional prototype that co-localizes insoluble porphyrin with UCP 
crystals and efficiently generates singlet oxygen under NIR illumination. The application of 
UCP materials in photodynamic therapy is an attractive and active area. Chatterjee et. al [12] 
are the first to demonstrate folate receptor targeting with UCP nanoparticles. Their assembly 
approach of photosensitizer loading by adsorption into cationic poly(ethyleneimine) polymer 
coating produced loading levels of 1:15,000 photosensitizer:UCP crystal (weight basis), 
which is far lower than the 1:3 level that can be produced by our rapid precipitation process. 
Furthermore, the cationic PEI polymer is known to be cytotoxic in contrast to our PEG 
surface layer that is known to be biocompatible[13]. Zhang et. al have also produce PDT 
nanoparticles based on UCP nanoparticles[14]. Their process involves the trapping of 
photosensitizer in a thin silica layer deposited on the UCP nanoparticle surface. Their loadings 
of sensitizer are 1:219, and the bare silica layer on their nanoparticle surfaces are not expected 
to produce long-circulating nanoparticles. While the PEG coating applied by our Flash 
NanoPrecipitation process is biocompatible, studies on the biocompatibility of these UCP 
nanoparticle systems are underway. Also, the demonstration of delivery to tumor sites is also 
the subject of continuing studies. Particles of the size we have produced will lodge at the site 
of solid tumors by passing through defects in fast growing tumor vasculature by the EPR 
effect[15], and we have demonstrated the attachment of targeting ligands to the PEG chains in 
our nanoparticle constructs[16]. However, in vivo demonstration of targeting for these UCP 
nanoparticles is ongoing research. There are many questions that are still unresolved. The 
exact ratio of block copolymer, upconverting crystal, and porphyrin to maximize singlet 
oxygen production per IR photon is unknown. The attenuation of the emitted light from the 
UCP by the porphyrin coating and the kinetics and fate of singlet oxygen produced by the 
composite nanoparticle has not been modeled. Time- resolved fluorometry methods could 
enable the direct imaging of singlet oxygen. Beyond the physical characterization of the 
system, in vitro and in vivo efficacy studies are of high interest, especially in comparison to 
the efficacy of existing photodynamic therapies. Lastly, the therapeutic applications of the 
UCP-porphyrin pairing in a block- copolymer platform are further enhanced by the possibility 
of exciting the nanocrystals at X-ray wavelengths and the increased tissue penetration of that 
radiation. While this introduces the trade-off of incurring damage to tissue while initiating the 
PDT system, it also expands the applicability of PDT to almost any tissue and removes the 
limitations of optical penetration depth. 
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4. Methods 

The UCP particles were made by the thermolysis method with trioctylphosphine/oleic acid as 
capping ligands[7]. The nanocrystals were received as a relatively dry, paste-like precipitate, 
and stored in a sealed polypropylene container at room temperature. The nanocrystals were 
suspended in tetrahydrofuran (THF), a water-miscible organic solvent, 1- 4 weeks after 
synthesis and drying. Nanocrystal aggregates were broken up with a probe-tip sonicator 
(Sonics and Materials Vibracell, Sonics and Materials Inc., Newtown, Connecticut), used at 
high power and 100% duty cycle for 15 minutes. Storage of the nanocrystals did not affect 
dispersibility within a month of synthesis. After two months, however the UCP crystals 
appeared to form larger irreversible aggregates. Once the UCP nanocrystals were successfully 
dispersed, block copolymer (PEG 5k-b- PCL 7k) and porphyrin were added to the suspension 
within half an hour of sonication. The polymer and organic additives were allowed to dissolve 
for 20-30 minutes before mixing. Synthesis of the particles was achieved using the Flash 
NanoPrecipitation method in a two-stream multi-inlet vortex mixer in keeping with the 
literature procedure [17]. 

Typical concentrations of the organic stream were 1mg/mL each of UCP nanocrystals, 
PEG-PCL, and TPP in reagent-grade THF (Aldrich). The organic stream was mixed against 
Milli-Q water (Millipore, Billerica, Massachusetts) at a 1:9 v/v THF:Water ratio. Both streams 
were injected into the mixer using electronically controlled syringe pumps (Harvard 
Apparatus, PHD 2000 programmable, Holliston, Massachusetts). The final compositions of 
the composite nanoparticle aqueous suspension were 0.01 to 1.0 0 wt% PEG-PCL, 0.10 wt% 
UCP, and 0.05- 0.20 wt% TPP. The assembled particles were then dialyzed against Milli-Q 
water in Spectra/Por dialysis bags, MWCO 6000-8000 Daltons (Spectrum Laboratories Inc., 
California) according to the prescribed method [18]. Because all particles were made with the 
same UCP loading, UCP crystal weight fraction will be given as a nominal indicator of 
composite nanoparticle concentration. The stability of mixed particles was assessed both 
visually and using dynamic light scattering (DLS). Particles not stabilized by block-
copolymer formed large aggregates and were visibly turbid. Such visual observations were 
corroborated with large particle sizes in DLS measurements. UCP nanocrystals in THF, as 
well as undialyzed and dialyzed composite nanoparticles were measured using dynamic light 
scattering. The suspensions were typically diluted with additional THF or deionized water, as 
appropriate, to dilutions of approximately 10-3 wt% UCP – low enough to be in the range 
where multiple scattering does not influence the measured sizes. The particle sizes and size 
distributions in these diluted suspensions were measured with a DLS setup comprising: a 
Nd:YAG double-pumped continuous laser with output at 532nm and 50mW (Coherent Inc., 
Compass 315M-150mW, 320 micrometer beam, Santa Clara, California); and a 
photomultiplier tube at a 90-degree collection angle (Brookhaven Instruments, BI-200SM, 
Holtsville, New York). Data was communicated via a serial connection to an autocorrelator 
PC card and software program (ALV-Laser Vertriebsgesellschaft mbH, ALV-5000/E, 
Langen, Germany), which calculates particle size distributions based on decay time 
distributions assuming hard sphere behavior for the particle diffusivities (Stokes Law). 
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