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Abstract

Conventional drug delivery systems contain substantial amounts of excipients such as polymers
and lipids, typically with low drug loading capacity and lack of intrinsic traceability and
multifunctionality. Here, we report fully active pharmaceutical ingredient nanoparticles (FAPIN)
which were self-assembled by minimal materials, but seamlessly orchestrated versatile theranostic
functionalities including: i) self-delivery: no additional carriers were required, all components in
the formulation are active pharmaceutical ingredients; ii) self-indicating: no additional imaging
tags were needed. The nanoparticle itself was composed of 100% imaging agents, so that the
stability, drug release, subcellular dispositions, biodistribution and therapeutic efficacy of FAPINs
can be readily visualized by ample imaging capacities, including energy transfer relay dominated,
dual-color fluorogenic property, near-infrared fluorescence imaging and magnetic resonance
imaging; and iii) highly effective trimodality cancer therapy, encompassing photodynamic-,
photothermal- and chemo-therapies. FAPINs were fabricated with very simple material (a
photosensitizer-drug conjugate), unusually achieved ~10 times better /n vitro antitumor activity
than their free counterparts, and were remarkably efficacious in patient-derived xenograft (PDX)
glioblastoma multiforme animal models. Only two doses of FAPINs enabled complete ablation of
highly-malignant PDX tumors in 50% of the mice.
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1. Introduction

Nanoscale drug delivery systems (NDDSs) are engineered nanotechnologies for targeted
delivery and controlled release of active pharmaceutical ingredients (APIs).[1-3] So far,
conventional NDDSs still suffer from the drawback of low drug loading capacity (%DL[4],
generally below 20 wt%[5-7]). A majority part of costly and potentially toxic excipients
were employed as carriers to deliver minority part of APIs. One-component
nanomedicine[8-10] and drug-drug amphiphiles [11-13] were developed with higher DL%.
However, most of them were designed for chemotherapy only, with less imaging and multi-
modal therapeutic features. Furthermore, chemotherapy alone may not be very efficient to
inhibit highly aggressive or drug-resistant tumors. Non-invasive phototherapies, including
photothermal therapy (PTT) and photodynamic therapy (PDT), were reported to synergize
chemotherapy and could overcome the drug-resistance through non-overlapping cancer-
killing mechanisms.[14, 15] The phototherapeutic agents responsible for reactive oxygen
species or heat generation are intrinsically non-toxic, but could be therapeutically effective
upon activation with incident light, and thus enable to accurately and controllably ablate a
confined area. Therefore, a combination of phototherapy and chemotherapy may achieve
precise and more efficient tumor treatment. [16—18] The biological behaviors of
conventional NDDSs remained mysterious after fulfilling the drug delivery mission, since
they were not typically traceable. To make NDDSs traceable, exogenous imaging agents
may be introduced. Yet this necessitates further controls and uncertainty, given that
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introduced imaging agents may only indicate their own biological distributions, as it is
typically unknown whether they were leaked or detached from the carriers.

We believe the ideal NDDS should meet the following criteria: i) Drug delivery. The
building blocks are capable to self-assemble into well-defined nanostructures for targeted
drug delivery; ii) High %DL: Maximizing %DL leads to decreased amount of excipients,
thereby decreasing unnecessary toxicity and cost of production; iii) Se/f-indication. The
NDDSs, themselves should be engineered with intrinsic imaging features, such that their
true biological behaviors can be visualized without additional imaging tags; iv) 7herapeutic
efficacy and/or synergistic effect. The %DL, and thus efficacy, are maximized when the
nanocarrier is also the drug, or the carrier and encapsulated API could achieve certain type
of synergistic effect.

Hence, we have designed a fully active pharmaceutical ingredient nanoparticle (FAPIN),
which was composed of 100% APIs and 100% imaging agents (1A), making FAPIN
particularly suitable for trimodality therapies (PTT, PDT and chemotherapy) and intrinsic
self-indication. To realize these integrated features, two fluorescent APIs were employed: i)
a porphyrin derivative, pheophorbide A (Pa), serving as a hydrophobic building block, and
ii) irinotecan (Ir, Camptosar®) as a hydrophilic segment. Pa has been extensively adapted in
theranostic nanoplatforms, as it could be used for phototherapy, NIRFI and magnetic
resonance imaging (MRI).[19, 20] Ir is an anti-neoplastic drug that inhibits DNA
topoisomerase I, in effect terminating tumor cell proliferation.[21-23] As illustrated in
Scheme 1, Palr NPs were constructed through a two-step self-assembly approach, and the
components comprising Palr NPs are 100% theranostically active. Furthermore, the unique
and intrinsic imaging capability of Palr NPs allowed sensitive self-indication of their
stability, drug delivery, release and the therapeutic efficacy in spatiotemporal manners. In
Palr NPs, an energy transfer relay[?4] dominates and inactivates both fluorescences of Pa and
Ir. Hence, despite Palr NPs being composed of two fluorescent molecules, they exhibit no
fluorescence. We consider the nano-assembly in this state to be “primed,” given that dual
fluorescence inactivation can be invalidated upon application of specific stimuli to generate a
dual-color fluorogenic process. Thus, while conventional NDDSs require extra steps to
introduce 1As to indicate their biological behaviors, Palr NPs are intrinsically self-
indicating, allowing for real-time monitoring of nanostructure stability, cellular deposition,
drug release and /n vivo biodistributions. Moreover, Palr NPs have intrinsic capability to
chelate metal ions, such as Mn2* for MRI to assess their treatment outcomes non-invasively.
Palr NPs could preferentially accumulate in tumor sites in patient-derived xenograft (PDX)
mice after i.v. administration, due to the enhanced permeability and retention (EPR) effect.
[25, 26] and could be activated for synergistic trimodality therapy by laser illumination. Palr
NPs represent a 100%-API based NDDS that were constructed with minimal materials, but
exceptionally realized the most diverse theranostic functionalities.

2. Materials and Method

2.1. Materials and characterization

Irinotecan hydrochloride was purchased from BIOTANG Inc. (MA, USA). Pheophorbide A
was bought from Santa Cruz Biotechnology. N,N’-Dicyclohexylcarbodiimide (DCC), 4-
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(Dimethylamino)pyridine (DMAP), 2”,7”-Dichlorofluorescin diacetate (DCF-DA), MnCl,
and all solvents were purchased from Sigma-Aldrich (MO, USA). Lysotracker™ Green
DND-26, singlet oxygen sensor green and CellROX were purchased from Thermo Fisher
Scientific Inc. Cell cultures medium, fetal bovine serum, cell cultures dishes and plates were
purchased from Corning Inc., USA. PDX GBM tumor tissues were kindly provided by Dr.
David James’s lab in Neurological Surgery at the University of California, San Francisco.
The synthetic compounds were analyzed by Bruker UltraFlextreme MALDI-TOF-MS and
600 MHz Avance Il NMR Spectrometer (Bruker, German). The morphology of FAPIN was
observed by transmission electron microscopy (TEM, Philips CM-120) with 80 kV
acceleration voltage. The cell level laser treatments were conducted by a laser panel
(Omnilux new-U) with broad coverage area. /n vitro fluorescence images were captured by
confocal laser scanning microscopy (CLSM, LSM810, Carl Zeiss). The magnetic resonance
imaging (MRI) was conducted by Biospec 7T MRI instrument (Bruker, German)

2.2. Synthesis of pheophorbide A and irinotecan conjugate (Palr)

Pheophorbide A (300 mg, 0.48 mmol) and DCC (120 mg, 0.58 mmol) were dissolved in 6
mL anhydrous dichloromethane, the mixture was stirred at 0°C for 30 min. Then, 359 mg
irinotecan hydrochloride (0.58 mmol) and 14.2 mg DMAP (0.116 mmol) were added into
the reaction system. The resulting solution was stirred at ambient temperature for 48 h (in
dark place). The reaction mixture was filtered and concentrated by rotavapor. The Palr
conjugates were purified by column chromatography by using dichloromethane/methanol
(10:1, vol/vol) as eluent.

2.3. Preparations and characterizations of Palr nanoparticles (Palr NPs)

The Palr NPs were self-assembled by re-precipitation method. 1 pL Palr stock solution (100
mM in DMSO) was dropped into 999 uL Milli-Q water under sonication. After 5 s vortex,
100 uM Palr NPs were fabricated. The size distributions and polydispersity index (PDI) of
nanoparticles were evaluated by a dynamic light scattering instrument (Zetasizer, Nano ZS,
Malvern, UK). The morphology of NPs was observed by TEM. To prepare TEM sample, the
aqueous nanoparticle solution (50 uM) was dropped on copper grids and naturally dried
under ambient temperature.

2.4. Preparation of manganese (Il) (Mn2*) chelated Palr NPs

Mn2* chelation process was performed based on the method published previously.[27]
Briefly, 23.2 mg Palr conjugates (20 umol) and 12.6 mg MnCl, (100 umol) were dissolved
in 1 mL methanol (with 100 pL pyridine), and refluxed for 2 h. The reaction system was
then cooled to room temperature, the un-chelated MnZ* (MnCl,) was removed by extraction
(dichloromethane/water). The Mn2* chelated Palr conjugates distributed in dichloromethane
and were dried with a rotavapor. The Mn2* chelated Palr NPs were made by the method
described in section 2.3.

2.5. The relative fluorescence quantum yields of Pa and Ir in Palr NPs

The relative fluorescence quantum yields were calculated as previously described [28],
following the equation:

Biomaterials. Author manuscript; available in PMC 2019 April 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xue et al. Page 5

77:—25 IzAref

0]
n?efAm 1, ref

F.x = F,ref

In the Equation, “ @£ denotes the quantum yield. For irinotecan, quinine sulfate in 0.1 N
H,SO,4 was set as a reference. The quantum yield of quinine sulfate is 54.6%.[29] For Pa, Pa
in EtOH was set as a reference (@fis 28%).[30] “n”is the refractive index of the solvent,
“F is the integrated fluorescence intensity and “A” is the absorbance at the excitation
wavelength. “ref” denotes the standard fluorescent dye with known quantum yield, and “x”
is the compound that needs to be tested.

2.6. Preparation of Pa/lr physical mixture for in vivo study

The Pa and Ir are both difficult to dissolved aqueous solvent. For the in vivo study, we
dissolved Pa or Ir DMSO solution respectively, then dropped them into saline and mixed
together (the percentage of DMSO was less than 0.5%). Then, the Pa/Ir mixture was
sonicated for 30 min, so that the sediments can be maximally smashed and homogenized.
The Pa/lr mixture needed to be freshly prepared every time before being administrated to the
mice. The ultra-small sediments didn’t show obvious side effect to the mice.

2.7. Critical aggregation concentrations (CAC) assessment

Pyrene ratiometric method was employed to determine the CAC value of Palr NPs. Briefly,
999 L of different concentrations of Palr NPs were prepared, and 1 uL of 0.1 mM pyrene
solution (in acetone) was introduced to Palr NPs solution and yielded 0.1 uM pyrene
solution. The Palr NPs and pyrene contained solutions were then transferred to a 96-well
plate and incubated at 37°C for 2 h. After incubation, the fluorescence of pyrene in each
well was evaluated by a microplate reader (excitation is 335 nm). The I3/l; values were
recorded for CAC assessment.

2.8. In vitro near-infrared fluorescence (NIRF), reactive oxygen species (ROS) and
photothermal evaluation

For NIRF assessment, Palr monomer or Palr NPs were dropped on a transparent film and
applied to a Kodak multimodal imaging system (excitation at 62520 nm, emission at
700+35 nm). The ROS productions were indicated by singlet oxygen sensor green (SOSG).
Briefly, different concentrations of Palr NPs or Palr monomer were incubated with SOSG,
and the working solution was exposed to 680 nm laser (0.3 w/cm?) for 3 min. The
fluorescence of SOSG was monitored to indicate the ROS production. For photothermal
assessment, different concentrations of Palr NPs or Palr monomer were placed in 96-well
plate and exposed under 680 nm laser (0.3 w/cm?) for 3 min. The temperature changes were
recorded by FLIR thermal camera. In these experiments, Palr monomer was prepared by
dissolving Palr molecules in DMSO.

2.9. Stability studies of Palr NPs

Palr NPs was dispersed in water and 10% fetal bovine serum water solution, respectively.
The final concentrations of Palr NPs were set to 50 uM. Then, each solution was kept in cell
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culture incubator (5% carbon dioxide and 10% humidity. Temperature was 37°C). The
fluorescence of Pa in Palr NPs was monitored by fluorescence photospectrometer, and size
distributions at each time point were tested by dynamic light scattering to check the stability
of Palr NPs.

2.10. Fluorescent indication of the accumulated drug release

Two parallel groups of 50 uM Palr NPs (300 uL) were placed in a 96-well plate. One group
was set to neutral pH value (7.4), and another group was in acidic pH (5.0). Each group was
assigned to three laser (680 nm) treatments: no laser, low laser power (0.4 w/cm?2), and high
laser power (0.8 w/cm?) doses. The samples were exposed to the intermittent laser, each
time point denoted a 3 min laser treatment, followed by a 12 min interval without laser (to
allow the sample cooling down to room temperature). The drug release of the 13t time point
was tested at 24 h after the 12t laser treatment. The accumulated drug release of Palr NPs
was fluorescently indicated by measuring the fluorescence of released Ir, since only free Ir
showed the fluorescence due to the inactivation of energy transfer relay. To avoid the
potential FRET caused Ir fluorescence quench, the percentages of drug release were
calculated by using the fluorescence of released Ir divided the fluorescence of Ir in Pa/Ir
mixture (in the same concentration). To avoid the volume loss, 1 L fresh Palr NPs was
added to the treated group immediately after we drew 1 puL samples.

2.11. Evaluation of in vitro antitumor activities

U87-MG cells were purchased from the American Type Culture Collection (ATCC,
Manassas, VA, USA). Cells were cultured in RPMI 1640 medium supplemented with 10%
fetal bovine serum, 100 U/mL penicillin G, and 100 mg/mL streptomycin in a standard cell
incubator (37°C with 5% CO,, and 10% humidity). Cell viabilities were determined by MTS
method. U87-MG cells were seeded in 96-well plate with a density of 5000 cells per well.
The cells were incubated overnight until fully attached and treated with different
concentrations of Pa, Ir, Pa/lr mixture and Palr NPs. 12 h later, the extracellular materials
were washed off with PBS and replaced with fresh medium. Laser treated group were
exposed to the laser (630 nm laser panel) for 3 min, and further incubated with non-laser
treated cells for another 24 h. MTS Assay Kit was then added to each well and further
incubated for 2 h. The UV-vis absorbance at 495 nm with a reference wavelength of 630 nm
was recorded for cell viability assessment. Untreated cells in the medium were employed as
controls. Results were shown in form of average cell viability [(ODyreat = ODpjank)/
(OD¢ontrol = ODpjank) * 100%] of triplicate wells.

2.12. Intracellular drug release indicated by the dual-color fluorogenic process

Two sets of U87-MG cells were seeded in glass-bottom dishes and treated with 10 uM Palr
NPs for 2 h, respectively. Then the Palr NPs contained medium was washed off with PBS
and replaced with fresh medium. The laser treated group was exposed under 680 nm laser
(0.2 w/cm?) for 1 min, and the intracellular fluorescence of Pa and Ir was monitored by
CLSM at different time points. The control groups were not treated with laser, but observed
under CLSM at the same time points of their laser treated counterparts. Cy5.5 channel was
applied to capture the fluorescence of Pa while DAPI channel was used for that of Ir.
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2.13. Lysosome co-localization

U87-MG tumor cells were treated with 10 puM Palr NPs for 2 h, and then the NPs contained
medium was then washed off and replaced with fresh medium. The cells were treated with
680 nm laser (0.2 w/cm?) for 1 min, and further cultured for another 21.5 h. After that,
Lysotracker Green was employed to stain the lysosomes for 0.5 h. The subcellular
distributions of Pa, Ir and Lysotracker were recorded by CLSM. The co-localization
efficiency was calculated by ImageJ, and depicted in form of Pearson’s correlation co-
efficiency. Three sets of CLSM micrographs were calculated. For Lysotracker green, FITC
channel was used.

2.14. In vitro assessment of reactive oxygen species (ROS) production

Two groups of U87-MG cells were incubated with 10 uM Palr NPs for 2 h respectively, and
then the Palr NPs contained medium was washed off by PBS and replaced with fresh
medium. The DCF-DA was introduced to indicate ROS production. The non-laser treated
cells were kept in dark, and the laser-treated cells were exposed to the laser (630 nm laser
panel) for 1 min. The cells were collected for flow cytometry analysis. Cy5.5 channel was
applied to indicate Pa while FITC channel was used for that of DCF-DA.

2.15. CLSM observations of laser-guided cell death

U87-MG cells were incubated with 10 uM Palr NPs in glass-bottom dishes. 2 h later, the
Palr NPs contained medium was washed off and replaced with fresh medium. Then, an
incident laser (680 nm, 0.2 w/cm? for 3 min) was shining to a specific region of the cells.
After the laser treatment, cells were stained with 40 nM of DiOC6(3) to indicate the
mitochondrial membrane potential (Live cells), and propidium iodide (PI) was employed to
stain the dead cells. The live and dead cells were visualized by CLSM. Non-Palr NPs treated
cells were employed as control (treated with identical laser exposure and staining
procedures).

2.16. Establishment of patient-derived xenograft (PDX) GBM-bearing mice models

Male athymic nude mice (6~8 weeks) were purchased from Harlan (Livermore, CA, USA).
All animal experiments were strictly in compliance with the guidelines of Animal Use and
Care Administrative Advisory Committee of University of California, Davis. The PDX
GBM-bearing mice models were established by inoculated PDX GBM (12FLR) tissues
subcutaneously to the flank of the nude mice.

2.17. In vivo photothermal therapy

Palr NPs was i.v. administrated into tumor-bearing mice (n=6). 24 h and 48 h after the i.v.
injection, the tumor regions were exposed to 680 nm laser with low (0.4 w/cm?) and high
(0.8 w/cm?) power for 3 min. Pa/Ir mixture and PBS group were treated with high dose laser
(3 min) as control group. The laser-induced hyperthermia was recorded by FLIR thermal
camera.
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2.18. Ex vivo assessment of ROS production

PBS, Pa/Ir mixture and Palr NPs were i.v. administrated into tumor-bearing mice (n=3). 24 h
later, the mice were sacrificed, and the tumors were collected. The collected tumors were
imaged by Kodak multimodal imaging system to get the “pre-CellROX” images. Then, the
tumors were applied to laser treatments (680 nm, 3 min). The tumors from Palr NPs treated
mice were exposed to high (0.8 w/cm?2) and low (0.4 w/cm?) laser, respectively. As control
groups, the tumors from PBS and Pa/Ir mixture groups were treated by 0.8 w/cm? laser.
After laser treatments, the tumors were immediately doused into ROS probe (CellROX®
Deep Red) working solution for 15 s. Then, the tumors were scanned on a Kodak
multimodal imaging system to get the “post-CellROX” images. In order to exclude the
fluorescence interference from Pa, the ROS productions were calculated by “post-CelIROX”
deducted the “pre-CellROX” readouts. CellROX® Deep Red is a fluorogenic dye, which
exhibits strong NIRF in the presence of ROS.

2.19. Ex vivo near infra-red fluorescence imaging (NIRFI)

Pa/Ir mixture and Palr NPs were i.v. administrated into the mice with two PDX tumors at
both flanks. The tumor on the left side was exposed to the laser (680 nm, 0.4 w/cm?) for 3
min, the right tumor was not treated with laser. The fluorescence of Pa was imaged by a
Kodak multimodal imaging system to indicate the organ distributions of Palr NPs.
Excitation was 625 + 20 nm, and emission was 700 + 35 nm.

2.20. In vivo evaluations of therapeutic efficacy

PDX GBM-bearing mice were employed for /n vivo therapeutic efficacy evaluation. The
mice were randomly assigned into 6 groups (n=6) to receive the following treatments: i)
PBS; ii) free Ir; iii) Pa/lr mixture (with high laser dose); iv) Palr NPs without laser; v) Palr
NPs (with low laser dose); vi) Palr NPs (with high laser dose). All materials were i.v.
administrated through the tail vein once per week. 24 h and 48 h after the materials
administration, tumors of the laser treated groups were exposed to 680 nm laser for 3
minutes to elicit the chemo-, photodynamic- and photothermal- therapeutic effect. The
variations of tumor size and body weights of all mice were recorded during the treatment.
Survival cut-off criteria included tumor ulceration or compassionate euthanasia, when the
tumor size was more than 1000 mm? in volume, or if the tumor impeded eating, urination,
defecation or ambulation.

2.21. In vitro and in vivo MRI

For cellular level MRI, U87-MG cells were incubated with different concentrations of Mn2*
chelated Palr NPs for 2 h. Then, the cells were fixed in agarose gel and scanned by Bruker
Biospec 7T MRI scanner using T1-weighted Multi-Slice Multi Echo (MSME) sequence
(echo time (TE)/repetition time (TR) 14/500 ms) with 128*128 matrix size. For in vivo MRI
studies, Mn2* chelated Palr NPs (Mn2* dose: 0.015 mmole/kg) were i.v. administrated into
PDX GBM-bearing mice, the mice were then imaged by using a T1-weighted Multi-Slice
Multi Echo (MSME) sequence on a Bruker Biospec 7T MRI scanner (TE/TR 14/500 ms)
with 512*512 matrix size.
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Xue et al. Page 9

2.22. Data statistics

Data statistics were analyzed by calculating the #-festbetween two groups, and One-way
ANOVA analysis of variations for multiple groups. Unless otherwise noted, all results were
expressed as the mean + s.d. A value of p<0.05 was considered statistically significant.

3. Results and Discussion

3.1. Fabrication and characterization of Palr NPs

Palr monomers were synthesized by covalently conjugating two commercial available APIs
through ester bond (Figure 1a). Their molecular weight and compositions were confirmed by
mass spectrometry and nuclear magnetic resonance (NMR) as shown in Figure S1~S4. Palr
monomers were then assembled into Palr NPs through re-precipitation method.[31-33] The
size of Palr NPs was around 88 nm, with a PDI of 0.167, suggesting the nanoparticles were
well-dispersed (Figure 1b). The surface charge of the Palr NPs was 30.9 mV (Figure S5).
TEM micrographs (Figure 1c) showed that the Palr NPs were in spherical morphology,
within which revealed many small dark dots. We believe these dots were micelle-like
assemblies of Palr monomers, which in turn self-assembled into larger nano-aggregates
through multi-micelle aggregation as previously reported [11, 34, 35]. This proposed self-
assembly process was illustrated in Figure S6. Palr monomers were self-assembled into
small micelles-like architecture, due to their amphiphilic chemical structures. The small Palr
micelle-like architecture then further aggregated into larger nanoparticles through multi-
micelle aggregation that may be driven by “rm~mn” stacking interaction among the big planar
structure of Ir. The critical aggregation concentration (CAC) [36] of Palr NPs was
determined to be 1 UM (Figure S7). The UV-vis spectra (Figure 1d) showed that Palr
monomers exhibited all peaks of Pa, plus a distinguishable shoulder on the left of Pa’s 412
nm peak. As this shoulder overlapped with 370 nm peak of Ir, indicating that Palr monomers
were composed of both Pa and Ir.

3.2. Fluorescence properties of Palr NPs

The fluorescence properties of Pa, Ir, Palr monomers and Palr NPs were investigated. In
Figure 1e, Pa and Ir exhibited fluorescence peaks centered at 690 and 430 nm, respectively.
When excited at 370 nm, the fluorescence intensity of Palr monomer at 430 nm (Ir emission)
was ~20 times decreased in comparison to equimolar Ir, but showed a slight enhancement at
690 nm (Pa emission), compared to that of Pa at same concentrations. This could be
explained by that Ir (donor) transferred its emissive energy to excite Pa (acceptor), which
was enabled due to the spectral overlap between Ir and Pa (Figure 1f) and was further proved
by energy transfer verification studies shown in Figure S8.

In Palr NPs, neither Ir (Figure 1e) nor Pa (Figure 1g) was fluorescently detectable. Their
fluorescence was largely quenched. The quantum yield of Pa was measured to be 0.03%, and
the Ir was 0.6%. Ir quenching was ascribed to energy transfer, and Pa quenching was
hypothetically conceived as aggregation-caused quenching (ACQ).[37, 38] The assembly of
planar Pa molecules structures leads to efficient “r-rc” stacking, and therefore fluorescence
quenching. To test this experimentally, Palr monomers were suspended in a mixed solvent to
realize diverse aggregation states (Figure 1h). Palr monomers showed strong fluorescence
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when dissolved in pure DMSQO, but gradually decreased as the water fraction (%) increased,
finally yielded ~83 times fluorescence quench (Figure 1i). Hence, the fluorescence
inactivation of Pa was ascribed to ACQ in Palr NPs. We concluded that an energy transfer
relay occurred in Palr NPs (Figure 1j), i.e. Ir transferred its emissive energy to Pa, and Pa
quenched both fluorescences from transfer energy and itself by ACQ. This unique
fluorescence property was highly useful to indicate nanostructure stability or drug release in
response to a specific stimulus (laser or acid pH), as these responses would make the energy
transfer relay invalid, and enabled generation of a dual-color fluorogenic process.
Furthermore, the recovery of each fluorescence could indicate different /n vitro or in vivo
processes, for instance, the recovery of Ir fluorescence could indicate drug release, while Pa
fluorescence reported on the dis-/assembly of the NPs, and both types of fluorescence
unveiled the true biological behaviors of Palr NPs.

3.3. Investigation of NIFRI, photodynamic- and photothermal- effects

We further investigated the NIRFI capability of Palr NPs (Figure 2a). Palr NPs fluorescence
was mostly inactivated, even at an increased concentration. Oppositely, the fluorescence of
dispersed Palr was enhanced along with increasing concentrations. Thus the fluorescence
imaging results were in agreement with the fluorescence measurements (Figure 1g). The
“ON” and “OFF” of the Pa fluorescence could indicate the integrity of Palr assemblies.
Then, the photothermal effects were measured (Figure 2b). Palr NPs comparatively
generated more heat than their dispersed counterparts. This may be ascribed to the
restrictions in molecular motion associated with assembly into nanostructures, most photo-
energy is transformed into heat, rather than being absorbed by typical intramolecular
motions, such as those dominating energy displacements in Palr monomers. The
photothermal effects increased with concentration (Figure 2c¢). The photodynamic effects
were shown in Figure 2d, the dispersed Palr showed higher ROS generation than the nano-
formulation.

3.4. Fluorescent self-indication of stability

As self-indicating NDDS, Palr NPs enabled to fluorescently indicate their own stability. As
shown in Figure S9a, the fluorescence of Pa, both in water and 10% serum, didn’t show
significant variations for more than a week, the persistent ACQ indicated that the Palr NPs
kept in assembled state. The size of Palr NPs was also monitored by DLS (Figure S9b). Palr
NPs in water and serum both didn’t exhibited large size variations after a week, which was
consistent with fluorescence results. In 10% serum, Palr NPs was slightly bigger than that in
water. The size increments were hypothetically ascribed to the formation of a protein corona,
[39, 401 which typically occurs for nanoparticles administered in biological systems.
However, the size of Palr NPs showed no obvious changes even following incubation with
serum for 1 month (Figure S10), indicating their excellent stability.

3.5. Fluorescent self-indication of drug release

Palr NPs were constructed with a photosensitizer and a chemotherapeutic drug via an ester
bond. They were intentionally designed for laser/acid pH-triggered drug release. Laser could
be used to irradiate the photosensitizer, while the acidic pH enables hydrolyzation of the
ester bond, both facilitating the drug release from Palr NPs. In self-indicating Palr NPs, the
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fluorescence recovery of Ir can directly indicate drug release, as the detachment of Ir from
NPs would invalid the energy transfer. Before applying the laser to NPs, laser doses were
optimized by evaluating photothermal effects (Figure S11). The photo-induced temperature
enhancements increased from 14°C (0.2 w/cm?) to 49°C (1.0 w/cm?), indicating higher laser
power, more heat generation. We then chose values for a low and high laser dose for the
following phototherapy evaluations, 0.4 w/cm? and 0.8 w/cm?, respectively. Palr NPs were
dispersed in aqueous solutions varying in pH (pH 7.4 and pH 5.0) and exposed under laser.
As shown in Figure 2e, in neutral pH, Palr NPs released fewer Ir without laser, but exhibited
increased drug release upon continuous laser exposure. Ir release correlated with the level of
laser power. In acidic pH, the Ir release was dramatically expedited, thus the fluorescence of
Ir was higher than their corresponding groups at neutral pH. Palr NPs drug release reached
the highest level (almost 80%) when both high laser and acidic pH were used, surpassing the
drug released triggered by a single stimulus. Figure 2f displayed fluorescent images of the Ir
after the release experiments. In the presence of both laser and acidic pH, the blue
fluorescence of Ir was markedly higher than their untreated counterparts. The laser treatment
enabled to largely expedite the drug release. We hypothesized that the incident laser could be
transferred to molecular motions, such as molecular vibration, movement or rotation, which
would be destructive to the nanostructure. Moreover, the photo-induced hyperthermia could
intensify the Brownian movement of Palr molecules, and further expedite the disassembly of
the nanostructures. Once the nanostructures were collapsed, the ester bond gained more
chances to react with an acidic environment, resulting in more efficient drug release. The
observed drug releasing patterns suggested that Palr NPs could undergo laser triggered
chemotherapy for cancer treatment /n vivo, and furthermore, this drug release would be
further increased in the acidic microenvironment of solid tumors.

3.6. Synergistic therapeutic effects of phototherapy and chemotherapy

U87-MG cells were incubated with Palr NPs for evaluation of /n vitro anti-tumor efficacy
(Figure 2g). Pa alone exhibited less cytotoxicity without laser treatment. Treatments with Ir,
Pa+Ir, and Palr NPs exhibited cytotoxicity, but not with high efficacy, considering that they
all contained the chemotherapeutic drug. Upon laser exposure (Figure 2h), Pa exhibited
distinguishable efficacy, while Pa+Ir yielded more efficient therapeutic effect compared to
Pa or Ir alone. Thus, the improved efficacy may be ascribed to a combination of
phototherapies and chemotherapy. Palr NPs exerted the most efficient effect than the other
three groups, reaching an 1Csq of ~0.5 uM, which was 10 times lower than that of Pa+Ir (~5
UM), and 60 times than that of Pa (~30 uM). The high efficacy of Palr NPs was not only
provided by the synergistic effect (Figure 2i) of phototherapy and chemotherapy
(Combination index of all concentrations were below 0.1), but may also be attributed to the
enhanced intracellular drug delivery by nanoparticles.[41, 42] The overwhelming therapeutic
effects suggested that irradiation not only triggered the phototherapies, but may have also
triggered the drug release, thus activating the chemotherapeutic effect.

3.7. In vitro ROS production

In vitro photodynamic effect was then evaluated by fluorescence-activated cell sorting
(FACS) in Figure 2j. Control U87-MG cells produced little ROS under laser exposure, Palr
NPs treated cells exhibited very striking ROS production under laser (Q2 increased from
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1.32% to 22.4%), indicating that Palr NPs exhibited excellent PDT in cell level. We then
irradiated a discrete area of cells pre-incubated with Palr NPs and comparatively assessed
cell death between the laser exposed region and non-laser treated cells (Figure 2k). Cells
exposed to laser were mostly dead. In comparison, cells not directly exposed to laser (but
containing Palr NPs) did not exhibit obvious cell death. The PBS control group did not show
obvious cell death, even with laser treatment. These results supported that Palr NPs may
allow for highly controllable and accurate therapeutic effect, i.e., only in particular regions
where the laser was directed.

3.8. Cellular drug release and distribution indicated by intrinsic fluorescence

To further exploit the drug release at cellular level, we incubated U87-MG cells with Palr
NPs, and observed the dual-color fluorogenic process in a spatiotemporal manner (Figure
3a). Prior to laser irradiation, neither the Pa nor Ir could be fluorescently distinguished. In
non-laser treated group, the cells yielded an increase in Pa fluorescence, but very weak Ir
fluorescence (24 h). In contrast, the laser treated group exhibited remarkable fluorogenic
subsequences of both Pa and Ir and showed significantly fluorogenic differences with their
non-laser treated counterparts (Figure 3b). The subcellular distributions of Pa and Ir were
colocalized in certain regions, indicating Palr NPs may release Ir at localized intracellular
sites. Since nanoparticles were generally taken up by cells via endocytosis pathway and
subsequently transported to endosomes/lysosomes,[43, 44] the brighter regions may denote
the locale of lysosomal compartments. Therefore, we co-stained Palr NPs treated cells with
lysosomes tracker and calculated the lysosomes colocalization efficiency [45, 46] (Figure 3c
and 3d). The fluorescence of Pa, Ir and lysosomes were largely colocalized and showed high
colocalization efficiency (more than 0.9), indicating that the microenvironment of lysosomes
may assist the drug releasing, such as low pH value (~5.0). The subcellular drug releasing
behaviors were consistent with the laser/pH co-stimulated drug releasing results (Figure 2e
and 2f), and supported that Palr NPs responded to both external (laser) and internal (acidic
pH) stimuli, thus enabling highly controllable cancer treatments.

3.9 Animal study procedures

Glioblastoma multiforme (GBM) is an aggressive type of primary brain tumor with very
poor prognosis.[47-49] Therefore, we evaluated Palr NPs on patient-derived xenograft
(PDX) model of GBM (12FLR). As illustrated in Figure S12, the mice were randomly
assigned into 6 groups (n=6): PBS control, Ir, Palr NPs without the laser, Pa+Ir with high
dose laser (Pa+Ir H), Palr NPs with high dose laser (Palr NP H) and low dose laser (Palr
NPs L) groups. Two doses of each material were i.v. administrated on the first day of two
consecutive weeks. Pa containing groups were treated by laser after 24 and 48 h of injection,
at which point the photothermal effect was recorded by thermal imaging. Tumor volumes
and body weights were measured throughout the experiments.

3.10. Ex vivo biodistribution of Palr NPs indicated by NIRFI

The biodistribution of Palr NPs could be indicated by their intrinsic NIRF (Figure 4a and
4b). In the group treated with Palr NPs, most organs showed very low fluorescence signal.
The NIRF at liver and lung was relatively high, likely due to the opsonization[50, 51], but it
was much lower than Pa+Ir mixture treated group. NIRF on both tumors suggested that Palr
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NPs could preferentially accumulate in the tumor. The laser treated tumor exhibited
relatively stronger NIRF, implied that the NPs experienced a laser triggered disassembly
process, which was beneficial to the drug release. Pa+Ir treated mice exhibited much
stronger signal in spleen, liver and lung, but not in tumor (even at laser triggered tumor),
indicating that Pa+Ir molecules were mostly transported to reticuloendothelial system for
clearance. The accumulation of Pa+Ir in kidney indicated that the small molecules of Pa
were possibly excreted from the kidney. As the fluorescence of Pa was both quenched in
Palr NPs. The biodistribution of Palr NPs was not very accurately indicated by the intrinsic
NIRF. We, therefore, employed photothermal/dynamic imaging and MRI to further monitor
the tumor accumulation of the Palr NPs.

photo-thermal/dynamic effects

The phototherapeutic effect of Pa+Ir and Palr NPs was evaluated in mice (n=6) in
comparison to PBS control groups. As shown in Figure S13 and Figure 4c, the Palr NPs H
group yielded the significant stronger photothermal effect compared to the other groups
(P<0.01). The Palr NPs L and Pa+Ir H generated only very little heat compared to PBS
control. The photodynamic effect was shown in Figure 4d and 4e. PBS control group
showed minimum ROS production while all the Pa containing groups exhibited excellent
photodynamic effect. Palr NPs H elicited the strongest ROS production, followed by the Pa
+Ir and Palr NPs L treated groups.

3.12. Self-indication of phototherapy outcomes by MRI

Palr NPs have the intrinsic capability to chelate metal ions, such as Mn?* (Figure 4f). As
shown in Figure S14a, the fluorescence of Pa (in dispersed Palr) was quenched compared to
non-chelated counterparts, demonstrating the successful chelation of MnZ*. We then
assembled Mn?* chelated Palr molecules into nanoformulation. The hydrodynamic diameter
(Figure S14b) of the Mn2* chelated Palr NPs was 97 nm, a slightly bigger than non-chelated
Palr NPs. The PDI of the Mn2* chelated Palr NPs was 0.189, indicating they were well-
dispersed in aqueous solution. Figure S14c showed the morphology of the Mn2* chelated
Palr NPs. The MnZ* chelated Palr NPs stayed in spherical morphology and were assembled
by a cluster of small dark dots, which supported that the metal chelation showed less effect
on Palr NPs self-assembly. Figure 4g showed the concentration-dependent ry relaxation of
Palr NPs, indicating Palr NPs were capable of MRI. In Figure S14d, Mn2* chelated Palr
NPs enhanced the Ty MR contrast of U87-MG cells in a concentration-dependent manner.
Mn2* chelated Palr NPs was further employed as a MRI nanoprobe for /n situ indications of
their /n vivo delivery and therapeutic efficacy (Figure 4h). The T; MRI contrast at tumor site
started to increase 2 h post-injection, and became significantly higher at 24 h. Tumors were
then treated twice with laser (0.8 w/m?2) for 3 min at 24 h and 48 h of post-injection. MRI
was used to continuously monitor the treatment outcomes. MR image at 72 h showed
significant tumor shrinkage and large volume of necrotic tissue at the tumor site. The tumor
kept on shrinking with time elapse, and was almost eliminated at 7 days post-injection. In
contrast, the PBS group with the same dose of laser did not show any tumor ablation as
indicated by MRI (Figure S15).
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3.13. In vivo trimodality therapeutic effects

The antitumor efficacy was further evaluated in PDX GBM models (Figure 5a). Due to the
highly aggressive and malignant characteristics, PDX GBM in PBS group grew so fast that
no mice survived more than 10 days. The free Ir group performed similarly, indicating that
the development of PDX tumors could not be effectively inhibited by free chemo-drug. Palr
NPs without laser group also did not perform well with respect to tumor shrinkage. As
aforementioned in Figure 2g and 2h, Palr NPs without laser treatment was less effective than
their laser treated counterparts, as neither the phototherapies nor chemotherapy were
activated. In Pa+Ir H treated group, the tumor volumes were decreased after two doses of
treatments. It should be noted that Palr NPs H exhibited the best antitumor efficacy among
all the groups. The tumors volume was significantly decreased after the first dose, and kept
on shrinking as time elapsed. Furthermore, Palr NPs with low laser dose (showed the similar
photothermal effect to PBS, Figure 4c) was employed to evaluate the efficacy of PDT and
chemotherapy to avoid these two therapeutic effects being overwhelmed by the dominant
PTT effect at high laser dose. Palr NPs L group possessed similar therapeutic efficacy as
Palr NPs H treatment, indicating that the combinations of chemo- and photodynamic
therapies played a key role in tumor treatment. The survival rate of Palr NPs H and Palr NPs
L was higher than other groups (Figure 5b). Interestingly, three mice were completely cured
in the Palr NPs H group and these animals survived over 2 months. The Palr NPs L group
also showed excellent efficacy, given that two mice were completely cured following
treatment. The tumor images for each group after two doses of treatments were displayed in
Figure 5c. Similar to the large tumors in groups treated with PBS and Ir, those in Palr NPs
treated mice with no laser irradiation showed only slight shrinkage. In contrast, each of the
laser treated groups achieved obvious tumor ablation. Pa+Ir H treated tumors showed an
initial response (Figure 5c), but relapsed near the scar. Palr NPs L treated mice showed only
slight scar, since the PTT effect was not as effective as its high laser dose counterparts. The
low relapse rate of Palr NPs laser treated groups may be ascribed to the complementary
chemotherapy. The released Ir may continuously provide a chemotherapeutic effect during
the post-phototherapy period, and thus prevent tumor relapse. 33.3% mice (2 of 6) in Palr
NPs L in and 50% mice in Palr NPs H (3 of 6) were completely cured (Figure 5d). Every
cured mouse lived in excellent quality and the tumor scar fell off naturally (the cured regions
are circled in red), no palpable tumors were observed in two months.

The Palr NPs treated tumor tissue was then investigated by hematoxylin and eosin (H&E)
stain (Figure 5e). Microscopically, the Palr NPs mediated light therapy caused massive
tissue pathological changes, including edema, cellular disassociation and shrinking,
pyknosis and karyolysis. Comparatively, the tumor tissue of PBS with laser group showed
no damage, suggesting that laser alone did not obviously damage the tissue. Thus H&E
staining supported that Palr NPs exhibit excellent phototherapeutic effects that enable the
targeted demolition of tumor tissues.

3.14. Systemic toxicity evaluations

No significant body weight changes among all treatment groups were observed, indicating
minimal systemic toxicity (Figure 5f). The pathology of the major organs of Palr NPs
treated mice showed identical patterns compared to PBS control group (Figure 5g). The
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hematologic index did not suggest any abnormal alterations after treatments (Figure S16).
All results suggested that Palr NPs did not show obvious systemic toxicity, and therefore
warranted further clinical developments.

4. Conclusions

In this work, we reported a self-indicating, fully active pharmaceutical ingredients
nanoparticle (FAPIN) by using minimal materials, but possessing a variety of unique
properties: i) 100 % API/IA loading, and being self-delivered (carrier-free) and self-
indicated (label-free); ii) the nanoparticle stability (Figure S9) and iii) drug releasing pattern
(Figure 2e and 2f), even at cellular level (Figure 3a and 3b) could be self-indicated by the
unique dual-color fluorogenic process; iv) the subcellular dispositions of NPs were self-
indicated by intrinsic fluorescence (Figure 3c); v) the organs distributions were self-
indicated by NIRF (Figure 4a and 4b); vi) the therapeutic effect could be self-indicated by
MRI (Figure 4h); vii) powerful trimodality therapies. Palr NPs with laser exposure exhibited
~10 times lower 1Csq than Pa+Ir and ~60 times than single photosensitizer (Figure 2h), and
50% mice were completely cured with no relapse in 2 months (Figure 5a~5d). FAPIN
achieved nanoscale integration of imaging and trimodality therapy, and demonstrated
multifunctional theranostic benefits and their synergistic effect in a combined approach. The
Palr NPs could be laser-activated for PDT, PTT and chemotherapy simultaneously in a
controllable manner, and the intrinsic synergistic mechanisms of the trimodality therapy
within one nano-formulation further enhanced the therapeutic efficacy. The phototherapy
may suffer from low light penetration. For tumors that are beyond the reach of the light,
antitumor effects can still be achieved with Palr NPs by releasing chemotherapeutic drug.
This integrated yet easy-to-make FAPIN nanomedicine platform shows great promise as
highly versatile, controllable, low-cost, multimodal theranostic nano-agents against cancers.
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a) Chemical synthesis of Palr monomer; b) Size distributions and polydispersity index (PDI)
of Palr NPs; ¢) TEM micrograph of Palr NPs; d) UV-Vis absorbance of Pa, Ir and Palr; €)
Fluorescence behaviors of Pa, Ir, Palr and Palr NPs. Excitation was 370 nm (the optimal
excitation of Ir); f) Spectra overlap between emission of Ir and absorbance of Pa; g)
Fluorescence spectra Pa, Ir, Palr and Palr NPs with excitations of 412 nm (the maximum
absorbance of Pa); h) Fluorescence behaviors of Pa (in Palr monomers) dissolved in
different fractions of water, £, (%) denotes a water content in DMSO (percentage in
volume); i) Plot calculated from h) showing the ACQ behavior of Pa. j) Illustration of energy
transfer relay in Palr NPs. All materials were set to 50 uM.
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a) NIRFI of Palr monomer and Palr NPs. b) Thermal images and c) Quantitative temperature
variations of Palr NPs and Palr monomer. d) ROS generations of Palr NPs. Palr NPs were

irradiated by NIR laser (680 nm) at 0.3 w/cm? for 3 min. e) Accumulated drug release of
Palr NPs in pH 7.4 and pH 5.0, with or without laser treatments. f) Blue fluorescence
recovery of Ir indicated drug release of Palr NPs. The image was captured under 365 nm UV
lamp. “Pre” denoted the control samples before laser treatments (fresh made). “0” denoted
non-laser treated samples, and “L™ and “H” corresponded to low and high laser powers
respectively. Cell viabilities of Palr NPs towards U87-MG tumor cells g) without or h) with
laser treatments. i) Combination index (CI) illustrated the synergistic effect of phototherapy
and chemotherapy. CI versus Fraction affected (Fa) plot was calculated based on Figure 2h.
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j) FACS quantitatively exhibited the ROS production of Palr NPs in U87-MG tumor cells.
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The ROS production indicated by a ROS indicator, 2”,7”-dichlorofluorescin diacetate (DCF-
DA), Pa denoted the fluorescence of Palr NPs. k) Light-triggered controllable and precise
cancer therapy in cellular level. 3,3”-Dihexyloxacarbocyanine lodide, DIOC(6) indicates live
cells (green), Propidium iodide (PI) stains dead cells (red). The laser treated areas were
marked with ‘L’. The scale bar is 200 pm.
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Figure 3.
a) Self-indication of cellular behaviors and time-dependent drug release of Palr NPs (10 uM)

by observing the dual-color fluorogenic process of Pa and Ir. The scale bar is 50 um. b)
Quantification of the dual-color fluorogenic process in a) by ImageJ. *p<0.05. ***p<0.001.
c) Lysosomes colocalization of Palr NPs in U87-MG cells. Cells were treated with the
identical procedures of a), and stained with LysoTracker™ Green DND-26 for 30 min, then
observed by CLSM. The scale bar is 50 um. d) Quantification of the lysosomes
colocalization. Pearson’s correlation coefficient was employed to denote colocalization
efficiency.
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Figure 4.
a) Ex vivo distribution of Palr NPs indicated by intrinsic NIRF, Pa+Ir mixture treated groups

were set as control. To illustrate the effect of laser, mice were inoculated with two tumors on
each flank, and one tumor was treated with laser. The upper tumor was treated with laser
after 24 h administration of Palr NPs. The mice (n=3) were sacrificed 24 h after the laser
treatment. Sk, skin; M, muscle; K, kidney; Sl, small intestine; S, spleen; Li, liver; Lu, lung,
H, heart; T, tumor. b) Quantitative data of the organs distributions in a). ¢) Photothermal
effects of PBS, Palr NPs L, Palr NPs H, and Pa+Ir H groups. Laser treatments were
introduced 24 h after the materials administration, PBS group was treated with high laser
dose. d) ROS production (Post-CellROX) and e) the statistics data on PBS, Palr NPs L, Palr
NPs H and Pa+Ir H treated mice (n=3). ROS production was indicated by CellROX™ Deep
Red Reagent. The ROS signal (A) was calculated by deducted NIRF signal of “pre-
CellROX” from the “post-CellROX” readouts. **, p<0.01, ***, p<0.001. f) Chemical
structure of Mn2* chelated Palr monomer. g) Concentration-dependent relaxation of Mn2*
chelated Palr NPs. By calculation, the r! is 4.38 mM~1 S~1. h) Self-indicated the
phototherapeutic effect by T1-weighted MRI. White arrows point the tumor. The light dose
was 0.8 w/cm?. Ir dose: 20 mg/kg, Palr NPs dose: total 40 mg/kg (Pa 20 mg/kg & Ir 20 mg/
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kg), and Pa+Ir dose: 20 mg/kg Pa mixed with 20 mg/kg Ir. High laser power was 0.8 w/cm?,
and low laser dose was 0.4 w/cm?2. All laser treatments lasted for 3 min.
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Figure 5.
a) Tumor volumes and b) Kaplan—Meier curves for PDX GBM bearing mice (n=6). c)

Tumors images of each group after 2 doses treatments. d) The images of completely cured
mice. The red circles denote the treated tumor region that after the laser burned scars
naturally fell off. e) Histopathological evaluation of PBS or Palr NPs treated tumors (with
0.8 w/cm? laser treatment). The scale bar in 10 x images is 200 um, and in 40 x is 60 pm. f)
Body weight changes of the PDX GBM-bearing mice (n=6). g) H&E staining of main
organs of Palr NPs treated mice, PBS-treated group was set as control. The scale bar was
100 um. The light dose was 0.8 w/cm?. Ir dose: 20 mg/kg, Palr NPs dose: total 40 mg/kg (Pa
20 mg/kg & Ir 20 mg/kg), and Pa+Ir dose: 20 mg/kg Pa mixed with 20 mg/kg Ir. High laser
power was 0.8 w/cm?, and low laser dose was 0.4 w/cm?. All laser treatments lasted for 3
min.
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