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ABSTRACT

Structurally controlled nanoparticles, such as core-shell nanocomposite particles by

combining two or more compositions possess enhanced or new functionalities that benefited

from synergistic coupling of the two components. Here we report new nanocomposite particles

with self-assembled porphyrin arrays as the core surrounded by amorphous silica as the shell.

Synthesis of such nanocomposite nanoparticles was conducted through a combined surfactant

micelle confined self-assembly and silicate sol-gel process using optically active porphyrin as a

functional building block. Depending on kinetic conditions, these particles exhibit structure and

function at multiple length scales and locations. At the molecular scale, the porphyrins as the

building blocks provide well defined macromolecular structure for non-covalent self-assembly

and unique chemistry for high-yield generation of singlet oxygen for photodynamic therapy

(PDT). On the nanoscale, controlled non-covalent interactions of the porphyrin building block

result in extensive self-assembled porphyrin network that enables efficient energy transfer and

impressive fluorescence for cell labeling, evidenced by absorption and photoluminescence

spectra. Finally, the thin silicate shell on the nanoparticle surface allows easy functionalization,

and the resultant targeting porphyrin-silica nanocomposites can selectively destroy tumor cells

upon receiving light irradiation.

KEYWORDS: Self-assembly, photosensitizer, porphyrins, photodynamic therapy, singlet

oxygen.



Active nanoparticles are an important class of nanomaterials that exhibit important
applications in nanoelectronics, catalysis, and phototherapy*. Besides their unique size and shape
dependent physical properties, structurally controlled nanoparticles, such as core-shell composite
nanoparticles by combining two or more compositions, possess enhanced or new functionalities
that resulted from synergistic coupling of the two components. Ability to tune composition,
structure, and dimension of nanoparticles has stimulated considerable efforts to develop methods
to prepare nanocomposite particles. Porphyrins, similar to many biomacromolecules such as
chlorophyll, have well-defined structure and surface chemistry. They are vital pigments in some
biological energy transduction processes including light harvesting, photo-catalytic synthesis and
therapy, water splitting in plants, algae, and bacteria °. Inspired by their utility and function,
recently, there has been a widespread interest in the preparation of porphyrin nanoparticles and
their ordered arrays through self-assembly of molecular building blocks, aiming to emulate
natural light harvesting processes and energy storage and to develop new nanostructured
materials'*. It is shown that efficient electron or energy transport relies on not only the
intermolecular forces (e.g., hydrogen bonding, m-mt stacking, etc), but also the long range
ordering of intermolecular arrangements, morphology, and dimension control. For example,
formation of ordered porphyrin nanoparticles with control spatial or axial porphyrin arrangement
leads to significantly better photo-catalytic activity’*. Thus, the potential of these materials is
directly connected to the ability of controlling and engineering of well-defined material

structures including size, shape, dimension, and spatial or axial intermolecular arrangements,



which drives extensive synthetic efforts. Earlier works on the formation of porphyrin arraysare

limited to 2-dimensional (D) arrays with ill-defined material morphology and lack of long range

ordered network for efficient electron or energy transport' . 3-D porphyrin assemblies have been

demonstrated to improve transport through solid-state synthesis *. The resulting materials exhibit

uncontrolled external morphology and structure dimension, which limits their efficiency of

energy transfer. More importantly, ability to engineer the assembly of porphyrins to be

biocompatible is of great importance for bioimaging and phototherapy applications. To the end,

synthesis of porphyrin-silica composite particles through sol-gel routes has been demonstrated to

provide both biofunctionalization through silica layer and photosensitizers for PDTw = .

However, in these cases, the porphyrins were randomly entrapped inside the silica particles lack

of long range ordering, which is not ideal for electron and/or energy transport.

Here we developed a new method to synthesize self-assembled porphyrin-silica

nanocomposite particles with ordered porphyrin network as the core surrounded by amorphous

silica as the shell. The long range ordering of porphyrin network enables efficient energy transfer

and impressive fluorescence for cell labeling while the silica layer provides opportunity for

biofunctionalization. The synthesis of these particles was conducted through combined surfactant

assisted cooperative self-assembly and sol-gel process using silicate precursors and photoactive

precursor zinc-tetra (4-pyridyl) porphyrin (ZnTPP) as a building block. Through confined non-

covalent interactions of ZnTPP within surfactant micelles, different porphyrin-silica



nanocomposite particles including core-shell particles (ZnTPP@SiO.) and solid particles
(ZnTPP-Si0,) were synthesized. For the core-shell structured particles, the resulted nanoparticles
consist of ordered porphyrin arrays in the center core that is surrounded by a thin layer of silica.
These nanoparticles exhibit enhanced optical properties versus individual porphyrin monomers
due to collective behaviors resulted from their ordered self-assemblies. For the solid, namely, the
ZnTPP-Si0. particles, the particles consist of mesophase of self-assembled ZnTPP oligomer
clusters/silica. The overall preparation is illustrated in Scheme 1. ZnTPP was first dissolved in
an acidic solution through a protonation process to form ZnTPP-H..»* The self-assembly of

ZnTPP arrays was subsequently initiated by combining the ZnTPP-H.+ acidic aqueous solution

Light
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ZnTPP-SiO,

Scheme 1. Schematic diagram for controlled formation of core-shell structured ZnTPP@SiO, and

solid ZnTPP-Si0, nanocomposite particles.



with a basic surfactant solution under vigorous stirring (see Materials and Methods in Supporting
Information). Finally 300 pL of tetraethyl orthosilicate (TEOS) in methanol (20% v/v) was
added into the above solution with 20 pL each time and 15 min interval to initiate the silicate
hydrolysis and condensation. The mixture was stirred for 48 hours at room temperature. The
final nanoparticle products were collected by centrifugation and washed with water twice to
remove byproducts and the free surfactants.

The porphyrin-silica nanocomposite particles displayed high monodispersity and well-
defined morphologies as shown in the transmission electron microscopy (TEM) images (Figure
I, A and C). Particle size distribution statistics of the particles indicated that these
nanocomposite particles have an average diameter of 89.5 nm for the core-shell particles and
80.0 nm for the solid particles (see Figure S1). High resolution TEM images (Figure 1, B and D)
revealed more detailed structural information of the particles. Crystalline lattice fringes can be
clearly seen inside the core-shell particles. These lattice fringes are resultant from the self-
assembled ZnTPP arrays. More detailed pH-dependent inner structures (see Figure S2) indicated
a structural transition from core-shell to solid inner structures. The addition of the acidic ZnTPP-
H, solution into the base solution results in an acid-base neutralization reaction. The acid-base
neutralization deprotonates the tetrapyridinium cations, producing insoluble ZnTPPs that are thus
encapsulated within the core of hydrophobic micelles similar to what occurs with surfactant
encapsulation of hydrophobic nanoparticles or oil-like species into micelles . Subsequent self-

assembly driven by intermolecular axial coordination (Zn-N) and non-covalent interactions such



Figure 1. TEM images of porphyrin-silica nanocomposite particles. (A) and (B) Core-shell

structured nanoparticles (ZnTPP@Si0,). (C) and (D) Solid particles (ZnTPP-Si0,).

as hydrophobic-hydrophobic interactions and aromatic m-;t stacking between molecules or

surfactants initiates nucleation and growth of ordered J-aggregate ZnTPP arrays =»». X-ray

diffraction (XRD) patterns (see Figure S3) indicated the crystal structure consists of mixture of



tetragonal and hexagonal phases from self-assembled porphyrin arrays™=». Surrounding the
ordered porphyrin lattices, a thin layer of amorphous silica with a thickness of ~5 nm can be
clearly observed. Different from the core-shell particles, the ZnTPP-SiO. solid particles were
observed to be amorphous from the TEM images (Figure 1, C and D). XRD patterns of these
particles (see Figure S3) show a major amorphous phase with some small weak peaks that
belong to the tetragonal phase. TEM images in Figure 1 also indicated formation of worm like
mesophase that is uniformly distributed within the particles.

Optical spectroscopy studies provided clear insight of the porphyrin self-assembly
process. The porphyrin-silica particles showed characteristic absorption spectra from the
porphyrin chromophore with a Soret band from 400 nm to 460 nm and Q-band between 500 nm
and 650 nm (Figure 2). The intense and sharp Soret band (B-band) of the ZnTPP monomer (at
~424 nm) becomes split upon self-assembly with a red-shifted band arising at ~450 nm, which
confirms formation of J-aggregation. In addition, all the new bands cover a broader region of the
spectrum. Along with the decrease of solution pH, the optical band becomes much broader and
farther red shift, which indicates extensive electron delocalization due to the conjugated

porphyrin networks from the extensive porphyrin self-assembly. The Q-bands are relatively
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Figure 2. UV-Vis absorption spectra of ZnTPP monomer and ZnTPP-silica nanocomposite

particles synthesized at different pH.

enhanced in intensity when the solution pH decreases. This is advantageous for exciton transport
since it is the exciton coupling between these states that are relevant for exciton transport ».
Detailed experimental studies suggest that the self-assembly process is critically
influenced by the solution pH. At low pH, acidic conditions cause slow hydrolysis of TEOS =,
but confined self-assembly of porphyrin proceed extensively according to UV-vis results (Figure
2). At this condition, silica tends to form linear molecules that are occasionally cross-linked =.

The combined results are the fast formation of self-assembled porphyrin particles as the core



surrounded by condensed silica as the shell layer. These molecular chains entangle and form
additional branches resulting in gelation and formation of ZnTPP@SiO. core-shell particles. At
relatively high pH, hydrolysis and condensation of TEOS is relatively faster » and porphyrin self-
assembly is relatively slow based on UV-vis results (Figure 2). More highly branched silica
clusters that are not interpenetrable, formed before drying and thus behave as discrete species.
Gelation occurs by linking of the clusters with self-assembled porphyrin oligomers, which leads
to mesophase of self-assembled ZnTPP oligomer clusters and silica. Thermal gravimetric
analysis (TGA) (see Figure S4) of these nanocomposite particles revealed that there are more

porphyrins in the core-shell particles than in the solid particles.

Singlet oxygen measurements by ESR on the resulted nanocomposite particles revealed
high yields of singlet oxygen (Figure 3) upon light irradiation*». ZnTPP@SiO. nanocomposite
particles with J-aggregated ZnTPP prepared at pH 4.1 displayed double enhancement of singlet
oxygen production compared with that of ZnTPP-SiO. nanocomposites synthesized at pH 5.3,
which is probably due to the increased porphyrin 77t stacking and out-of-plane coordination of
Zn and pyridine. Metal porphyrins are known to facilitate the energy transfer via intersystem
coordination crossing, which helps the formation of an out-of-plane structures and generation of
more singlet oxygen ». The high yields of singlet oxygen are of great importance for PDT
applications. To investigate cell uptake and localization of the nanoparticles, we first

functionalized the nanocomposite particles with bovine serum albumin (BSA) to enhance their
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Figure 3. Singlet oxygen detection of core-shell particles and solid particles. (A) ESR results of
singlet oxygen detection for different particles (blank sample was the ZnTPP@SiO, sample
without light irradiation). (B) Yield of singlet oxygen from ZnTPP@SiO,, ZnTPP-SiO., and MB

as a reference (®r =0.53). D,.e0.= 0.87 and D,.,...... = 0.49.
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hydrophilicity and followed by folic acid (FA) to improve targeting efficacy to cancer cells ~.
FT-IR measurements (see Figure S5) showed that FA was grafted onto nanoparticles through
amide linkage with BSA. After modification, strong absorption peaks around 1650 cm-"
attributable to the amide linkage (amide, C=0) appeared in both spectra of FA-ZnTPP@SiO, and
FA-ZnTPP-SiO..

The targeting capability of FA-labeled ZnTPP@SiO. and ZnTPP-SiO. was evaluated on
Hela cancer cells with overexpressed folate receptors on their cell surfaces. Confocal
microscopic imaging showed that FA functionalization obviously facilitates cellular uptake of
nanocomposite particles by HeLa cells in comparison with those particles without FA
functionalization. HeLa cells were incubated with 8 uM of these two kinds of nanocomposite
particles for 2 hours at 37 C, respectively. The corresponding cell images were collected and
showed in Figure 4. It clearly showed that the nanocomposite particles without FA moieties
mainly attached around the cell membranes via physical absorption, while FA-labeled
nanocomposite particles largely located in the cytolymph. This difference in cellular location is
mainly attributed to the FA-mediated endocytosis effect that facilitates the particles entering into

the cells.

The dose-dependent cell uptake of FA-ZnTPP@SiO, and FA-ZnTPP-SiO, was further

performed in HeLa cells. HeLa cells were incubated with these nanocomposite particles at
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Figure 4. Confocal microscopy images of HeLa cells incubated with 8 uM of core-shell and solid
nanocomposite particles, respectively. (A-C) ZnTPP@SiO,. (D-F) FA-ZnTPP@SiO,, (G-I)
ZnTPP-Si0.,, (J-L) FA-ZnTPP-Si0.. Imaging conditions: bright field images in the first column,
fluorescence images in the second column, and merged images of the combined bright field

images and fluorescence images in the third column.
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varying concentrations of 2 uM, 4 uM and 8 puM respectively. The results shown in confocal
microscopy images (see Figure S6) showed increased fluorescence intensity corresponding to the
increased concentrations of nanocomposite particles, which suggests higher dose can pressurize
more endocytosis of photosensitizers. Flow cytometric analysis further quantitatively presented a
gradually increased intracellular fluorescence from 2 pM to 8 uM (see Figure S7). It should be
noted that the cell uptake profiles of ZnTPP@SiO, and ZnTPP-SiO, were found similar,
regardless of FA labeling or not in HeLa cells. The above results collectively showed that FA
modification can significantly enhance the endocytosis of nanocomposite particles in HeLa cells,
and particularly this endocytosis was positively related to the dose of the nanocomposite
particles.

The PDT efficacy of the core-shell and solid particles was studied on HeLa cells. By
incubating the nanocomposite particles with HeLa cells at different concentrations for 2 hours, as
shown in Figure 5, the cell viabilities in the groups of FA-ZnTPP@SiO, and FA-ZnTPP-SiO,
were both found significantly decreased along with the increase of the irradiation time upon
exposure to a 635 nm laser light with a relatively low density of 100 mW/cme. Moreover, the
nanocomposite particle-mediated cell killing was found to be dose-dependent, showing that
bigger doses exert higher killing efficacy. It should be noted that the cell viabilities in the control
groups without irradiation were close up to 90 %, suggesting good biocompatibility and low dark
toxicity of these nanocomposite particles. More importantly, core-shell structured FA-

ZnTPP@SIiO, exhibited higher PDT efficacy than that of solid FA-ZnTPP-SiO. particles under
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the same experimental conditions. This improved PDT outcome could be attributed to the higher
singlet oxygen generation in the core-shell structured ZnTPP@SiO, (see Figure 3), although
these two structures showed a similar cell uptake pattern in HeLa cells, which is shown in the

Figure 4, Figure S6, and Figure S7.
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Figure 5. Viability of HeLa cells after treated with composite particles. (A) Core-shell particles
and (B) solid particles at different concentrations (2 M, 4 uM, 8 uM) with a 635 nm laser
exposure. The irradiation time was 0 min, 3 min, 6 min, and 9 min for each sample at low

density of 100 mW/cm.

In conclusion, the combined self-assembly of porphyrin with silicate sol-gel processes
provides a new approach to synthesize highly ordered porphyrin-silica nanocomposite particles

that enable synergetic functions. The porphyrin self-assembly relies on non-covalent interactions
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between amphiphilic surfactants and porphyrin building blocks leading to nucleation and growth
of ordered porphyrin arrays with unique structures and functions on multiple length scales. The
thin silicate shell allows convenient functionalization to improve biocompatibility for cell
uptakes. Without silica layer, the self-assembled porphyrin particles are hydrophobic and not
biocompatible to cells. Control of pH conditions in the self-assembly solution is an important
factor for tuning the final nanostructures. Low pH conditions promote porphyrin noncovalent
self-assembly, forming core-shell particles. However, high pH conditions are favorable for
silicate sol-gel process, forming solid porphyrin-silica mesophase particles. The resultant
photoactive porphyrin-silica nanocomposite particles were found to be penetrable into the tumor
cells, which can be facilitated by FA-mediated endocytosis effect. More importantly, both of the
two types of nanocomposites can generate lethal singlet oxygen, but the core-shell structured
particles were found to have an even better yield. This structure-dependent and enhanced PDT
activity is further demonstrated in the phototherapy with more tumor cells destroyed by the core-

shell structured particles.
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