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Efficient and highly biocompatible 8-arm
PEG-Chlorin e6 nanosystems for 2-photon
photodynamic therapy of adrenergic disorders+
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Two highly biocompatible nanosystems characterized, and
demonstrated in vitro for enhanced 2-photon photodynamic therapy (2p-PDT) of adrenergic disorders.
These systems consist of a compact, star-shaped, 8-arm poly(ethylene glycol) (8-arm PEG) core, to which
are attached (1) a natural photosynthetic unit, Chlorin e6 (Ce6), and (2) a choice of two newly synthesized
meta-iodobenzylguanidine (MIBG) moieties modified with a 3-mercaptopropionic amide functional linking
group “3-MPAM":"MIBG-3-MPAM" or “BG-3-MPAM". A modest self-assembly of these multifunctional

nanosystems promotes a 2-photon absorption cross-section (TPACS) enhancement while retaining a high

have been designed, synthesized,

Received 5th October 2023, level of reactive oxygen species (ROS) generation. The photodynamic effect of the 8-arm PEG-Ce6-

Accepted 5th January 2024 dMIBG nanosystem is shown to be highly effective, while employing harmless, but deep-tissue
penetrating, near-infrared (NIR) photons in vitro on a neuroblastoma cell line. Thus, this new nanosystem

with the dMIBG maodification shows high promise towards 2-photon photodynamic therapy of adrenergic
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1 Introduction

There is a growing interest in improving medical outcomes by
developing localized phototherapeutics for the treatment of
cancer,"? cardiovascular diseases,>* and ocular disorders.?
Nanoparticle (NP)-assisted delivery is one of the most promising
avenues for advances into localized and stimulus-activated
therapy.®® NPs are ideal therapeutic agents due to the enhanced
permeability and retention (EPR) effect, also known as passive
targeting, which accounts for their non-targeted accumulation in
diseased regions.”'® However, passive targeting alone is usually
dependent on the tumor environment and this often limits the
NP concentration accumulated at the tumor site, thus resulting
in low therapeutic efficacy.”*** To improve tumor accumulation
and localization surface modifications such as small molecule
enhancements has become an attractive avenue.'*'> Some NPs,
such as biocompatible poly(ethylene glycol) (PEG) polymer NPs,
are ideal systems for enhanced localization of therapeutics due

“ Department of Chemistry, University of Michigan, 930 N. University Ave.,
Ann Arbor, MI 48109, USA. E-mail: ammclean@umich.edu
b Melville Laboratory for Polymer Synthesis, Yusuf Hamied Department of
Chemistry, University of Cambridge, Lensfield Road, Cambridge CB2 1EW, UK
¢ Department of Radiology, Michigan Medicine, University of Michigan,
1500 East Medical Center Dr, Ann Arbor, MI 48109, USA
t Electronic supplementary information (ESI) available. See DOI: https://doi.org/
10.1039/d3ma00812f

1736 | Mater. Adv, 2024, 5,1736-1745

diseases, with a wider application on other hard-to-treat diseases.

to their ease of surface conjugation with enhancement moieties,
water-solubility, nonspecific biological interactions, and long
circulation time.'®°

Most notably, many PEG NP systems are known to also have no
dark toxicity, ie., no toxicity in the absence of photons, and are
found to have a particular advantage in vivo due to their “stealth”-
like behavior to bypass molecular recognition by the immune
system in biological environments - both highly essential char-
acteristics for biomedical applications.'®'® There are many other
factors to consider when designing PEG NPs as drug delivery or
therapeutic systems such as molecular weight (MW), size, shape,
surface charge, and stiffness of the delivery platform.*' Most
notably, recent work by Caruso and co-workers investigated the
bio-nano interactions of different multi-arm PEG particles and
found that the polymer architecture plays an important role in
determining whether there are positive or negative interactions
with human blood."® Another noteworthy property of the multi-
arm PEG particle is the wide variety of modifications that can be
made to their structure so as to achieve desirable behaviors.****
For instance, Bhatia and coworkers found that utilizing a non-
reducible maleimide-linker could lead to a higher delivery effi-
ciency in cultured cells.** In our work, the PEG arms were
subsequently modified with long non-reducible PEG linkers, so
as to not only conjugate the newly synthesized moieties, but also
to increase stealth-like behavior and further improve the delivery
of the photosensitizer (PS) (Fig. 1).*®

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Fully assembled 8-arm PEG-Ce6-dMIBG/dBG nanosystem depicting the individual components ((left-right clockwise) 8-arm PEG-NH,; targeting
moieties — MIBG-3-MPAM (top) and BG-3-MPAM (bottom); maleimide-PEG linker (MAL-PEG); and 2p-PDT PS — Chlorin e6).

Multi-arm PEG NPs are also highly promising modalities for
stimulus-activated therapeutics, such as photodynamic therapy
(PDT).>® Despite the many advantages multi-arm PEG NPs
possess there are few studies that report using multi-arm
PEG nanoparticles designed for PDT application and of those
studies that exist, to our knowledge, only two groups were
found to utilize the monomolecular form of 8-arm PEG in the
synthesis as the main nanocarrier structure.’>*>”*® PDT is a
molecular phototherapy in which photons are used to excite a
dye molecule, defined as a photosensitizer (PS), which transfers
energy from the dyes excited state (ES) to ground-state triplet
oxygen molecules (O,), i.e., “normal” O,, so as to produce
reactive oxygen species (ROS), such as singlet 0,>° While ROS
are naturally produced in the body, an excessive amount is
cytotoxic. This cytotoxicity is used by PDT to elicit the death of
anomalous, pathology driving cells (e.g., cancer cells) that
reside in highly selective targeted tissue regions. Traditional
PDT paradigms mostly employ orange-red visible light, with
wavelengths of 600-700 nm, because these “redder” photons
penetrate deeper into biological tissue.>**° However, so as to
further improve the photon penetration depth and increase
spatial selectivity, 2-photon photodynamic therapy (2p-PDT)
has emerged as an exciting methodology.>" In 2p-PDT, two
low-energy near-infrared (NIR) photons, which have minimal
tissue scattering and very deep tissue penetration, are used to
excite the PS, in a nonlinear optical process, still leading to the
production of the ROS.***?

Although 2-photon absorption (TPA) has been used widely in
the biomedical field for decades for microscopy, deep-tissue
simulation, and localized release of bio-active compounds, few
2-photon PSs have been developed for PDT applications.?'338

© 2024 The Author(s). Published by the Royal Society of Chemistry

For 2p-PDT a sensitizer should have highly efficient NIR excit-
ability (high absorption cross-section). Additionally, an effective
PS should have a high ROS quantum yield (also referred to as ROS
efficacy) as well as the low dark cytotoxicity, as mentioned
previously.* The algae photosynthetic unit, Chlorin e6 (Ce6), is
an FDA approved (FDA UNII: 5S2CCF3T1Z), second-generation PS
and has been reported to be an effective PS not only as a one-
photon PDT, but it has also been reported to have strong TPA.***'
Thus, this PS has been shown to produce ROS efficiently when
excited by either one-photon or 2-photon light.** Furthermore,
Ceb6 can also be readily conjugated to NP surfaces, using a well-
known DCC/NHS activation method.”®** Due to these advantages,
as well as its reported biocompatibility, this natural Ce6 PS seems
to be a strong candidate for this 2p-PDT study.

In this work, for enhanced uptake, two de novo conjugatable
meta-iodobenzylguanidine (MIBG)-derivatives are synthesized.
Each of these de novo derivatives, as well as the 2-photon active
Ce6, are NP-conjugated, for use in enhanced 2p-PDT of adre-
nergic disorders, i.e., of the sympathetic nervous system. MIBG
is a guanethidine analogue modeled on norepinephrine, which
is a prominent adrenergic hormone and neurotransmitter
recycled by the norepinephrine transporter (NET) within the
peripheral nervous system (PNS) and central nervous systems
(CNS).***> Due to this, MIBG has historically been used to
target NETs for imaging and therapy applications.*® MIBG
molecules traditionally contain a radiolabeled iodine atom
and have been previously used for both radio-imaging and
radiation treatment of neuroendocrine tumors, such as neuro-
blastoma and other adrenergic dysfunctions, due to its high
molecular affinity for adrenergic-rich tissues*>™*” However, by
using the conventional radiolabeled MIBG molecule, its
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radioactive iodine atom is undesirable from a health safety
perspective. In particular, although controlled clinically, there
is still a potential for unforeseen health side effects such as
hyperthyroidism, myelosuppression, and bone marrow depres-
sion, reportedly associated with the use of '*’I/"*'I-MIBG in
clinical trials.**° Thus, in this study, two new MIBG analogues
that eliminate the radiolabeled iodine atom and allow for easy
conjugation through a thiol linkage were utilized.

Overall, we report the development and application of an 8-
arm-PEG NP with both an imaging/photodynamic component
using a Ce6 moiety and with an enhancement component
using MIBG-derivatives, simultaneously (Fig. 1). The character-
ization of the nanosystems has been performed through
spectroscopy and microscopy methods. Specifically, the
loading efficiency of the Ce6 was determined through spectral
absorbance, and the conjugation ratios of the MIBG-derivatives
were determined through proton diffusion-ordered spectro-
scopy (‘H DOSY). Furthermore, the 2p-PDT potential of
the Ce6 moiety was confirmed by calculating the 2-photon
absorption cross-section (TPACS) of the free Ce6 and Ce6
attached to the nanosystems as well as through the calculation
of the ROS efficacy. Lastly, we demonstrated the 2p-PDT
effects of these nanosystems in vitro, showing high potential
towards in vivo deep-tissue photodynamic therapy of adrenergic
disorders.
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2 Results and discussion

2.1 Synthesis and characterization of 8-arm PEG-Ce6-dMIBG/
dBG nanosystems

For the creation of the 8-arm PEG-Ce6 nanosystem, Ce6 con-
jugation was done through an DCC/NHS activation.*®*' The
exact site of attachment cannot be determined from NMR alone
as the overlap of signals prevents the Ce6 carboxyl signals from
being deconvoluted. Therefore, the formation of the three pos-
sible isomers is presumed moving forward.”>>® The conjugation
of our MIBG derivatives (synthesis found in ESIt Methods and
Scheme S1), N-(4-(guanidinomethyl)-2-iodophenyl)-3-mercapto-
propanamide (MIBG-3-MPAM) and N-(4-(guanidinomethyl)phe-
nyl)-3-mercaptopropanamide (BG-3-MPAM), to the 8-arm PEG-
Ce6 complex was done through a maleimide-PEG-succinimidyl
NHS ester (MAL-PEG-SCM) linker. Through the use of standard
peptide protection and deprotection steps and other reaction
mechanisms further described in the supporting information, the
final molecules were successfully synthesized with stable thioether
linkages (“MIBG-3-MPAM” and “BG-3-MPAM” are denoted as
“dMIBG” and “dBG” when conjugated to the 8-arm PEG system)
(Fig. 2).>* The structures and purity of the precursors, 8-arm PEG-
NH, and MAL-PEG-SCM, were verified before synthesis (Fig. S1-S6,
ESIt) and final products were verified through nuclear magnetic
resonance (NMR) and mass spectrometry methods (MS) (ESIT).
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Fig. 2 Chemical synthesis scheme of (A) 8-arm PEG-Ce6 through a DCC/NHS reaction (B) and (C) 8-arm PEG-Ce6-dMIBG/dBG nanosystems with a MAL-
PEG-SCM linker to attach the dMIBG/dBG used in this study for 2-photon photodynamic therapy (2p-PDT) applications. Full synthetic details can be found
in the ESIT (Section S1 p. 3). We note that the depiction of the Ce6 attached at the middle carboxyl is one of three possible regioisomers that can form.
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Fig. 3 (A) UV-Vis of free Ce6, 8-arm PEG-Ce6, 8-arm PEG-Ce6-dMIBG, and 8-arm PEG-Ce6-dBG, showing peak shifts around 660 nm and the
appearance of some absorbance at 730 nm. (B) TEM of 8-arm PEG-Ce6-dMIBG. Scale bars = 1000 nm and 200 nm (inset). (C) *H DOSY of assembled
nanosystems (8-arm PEG-Ce6-dMIBG, 8-arm PEG-Ce6-dBG) in DMSOgyg with Ce6 and dMIBG/dBG characteristic peaks highlighted. Green circle = Ce6

and purple triangle = dMIBG/dBG.

To characterize the nanosystems, UV-Vis spectroscopy
(UV-vis), transmission electron microscopy (TEM), proton
nuclear magnetic resonance ("H NMR), proton diffusion-
ordered spectroscopy (*H DOSY), and gel permeation chromato-
graphy (GPC) were employed. UV-Vis and "H DOSY, paired with a
quantitative NMR (qNMR) analysis method, were specifically
used to verify the success of the conjugation reactions and
quantify the molar conjugation ratios of each molecule.
As reported previously by Avula et al through UV-Vis, it
was observed that a loaded 8-arm PEG-Ce6 shows shifts of
its three absorption maxima when compared to free Ce6 -
thereby indicating a successful conjugation of Ce6 to 8-arm
PEG (Fig. 3A and Fig. S7, ESIt).> While the Soret band
around 402 nm shows no significant peak shift, the 504 nm
Q-band shows a slight blue-shift towards 501 nm. A Q-band red-

© 2024 The Author(s). Published by the Royal Society of Chemistry

shift from 654 nm to 660 nm and the appearance of a 730-
735 nm absorbance indicates the successful conjugation of the
Ce6. This peak between 730-735 nm then becomes further
apparent once the 8-arm PEG-Ce6-dMIBG/dBG complexes are
formed.

For the conjugation ratio calculation of the Ce6 to the 8-arm
PEG, the lambda max (Ay) from 654 to 660 nm was used (Fig. 3A).
Using a calibration curve of Ce6 (in 1x PBS 0.01 M phosphate
buffer saline) at 660 nm, it was determined that there are roughly
2.01 £ 0.19 mol of Ce6 per 1 mol of 8-arm PEG (Fig. S8, ESIt). This
result is comparable to our previous work, which found the molar
ratio to be 1 to 2 molecules of Ce6 per 8-arm PEG.? This ratio is
assumed to be the same for the 8-arm PEG-Ce6-dMIBG and 8-arm
PEG-Ce6-dBG, as the Ce6 conjugation is done through a cross-
linking reaction, which is considered to be permanent.®

Mater. Adv., 2024, 5,1736-1745 | 1739
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Table 1 Estimated sizes of 8-arm PEG-NH,, 8-arm PEG-Ce6, 8-arm
PEG-Ce6-dMiBG, and 8-arm PEG-Ce6-dBG via *H DOSY (and TEM) at
1mgmL™t

Compound Size (nm)

8-arm PEG-NH,

8-arm PEG-Ce6

8-arm PEG-Ce6-dBG
8-arm PEG-Ce6-dMIBG

11.4 + 1.6 (D,0)

19.5 £ 1.7 (DMSOge)

18.1 £ 2.5 (DMSOyqe)

17.5 £ 1.4 (DMSOge) (16.8 £ 8.1(TEM))

While the ratio of the Ce6 to 8-arm PEG was determined
through optical absorbance, it was necessary to use "H DOSY to
first calculate the average molar ratios of dMIBG or dBG to Ce6
in order to determine the conjugation ratios of dAMIBG/dBG to
8-arm PEG. This was possible through the identification and
integration of characteristic peaks for Ce6 and dMIBG/dBG
(Fig. 3C and Fig. S9, S10, Tables S1a-S2b, ESIT). Thus, through
this method, the average molar ratios of dMIBG or dBG to 8-
arm PEG were determined to be 5.50 £ 0.90 mol and 3.26 +
0.45 mol per 1 mol of 8-arm PEG, respectively.

For the size analysis, the TEM measurements for this 8-arm
PEG-Ce6-dMIBG sample show an average diameter size of
16.8 nm. This result is larger than previous measurements of
the 8-arm PEG-NH, (the skeletal multi-arm PEG structure),
which was found to be between 10-12 nm measured via
TEM.>® This increase can largely be attributed to the addition
of 6 MAL-PEG chains to the 8-arm PEG backbone structure and
to the small molecules. Through this method, only the 8-arm
PEG-Ce6-dMIBG samples were able to be successfully analyzed,
due to the presence on the complex of the iodine atom, which
enhanced the NP contrast over the background (Fig. 3B). The
samples of 8-arm PEG-Ce6 and 8-arm PEG-Ce6-dBG could not
be easily distinguished from their background (Fig. S11, ESIT).
Therefore, "H DOSY was additionally used to calculate the sizes
of the 8-arm PEG-Ce6, 8-arm PEG-Ce6-dBG, and 8-arm PEG-
Ce6-dMIBG and to further verify the formation of the final
nanosystems.

Through "H DOSY measurements we were also able to show
an increase in size once the 8-arm PEG-NH, was modified with
Ce6 (Table 1), but a decrease in size once the PEG linker and
the small molecules (MAL-PEG-SCM and dMIBG/dBG) were
conjugated to the 8-arm-PEG-Ce6 structure (Fig. S2, ESIT).
The observed variation in particle sizes of the 8-arm PEG-Ce6-
dMIBG in the TEM image further suggests that in the final NP
formation, there is some assembly-like behavior occurring
(ESIT Section S2). It is crucial to note that even for the largest
assemblies, the average diameter of the particles remains
under 100 nm. Therefore, while we further investigated the
size properties of the PEG nanosystems through GPC (Fig. S12,
ESIt), the <100 nm size of all the NPs variants indicates a
desirable range for in vivo applications.>*°

2.2 2p cross-section and reactive oxygen species efficacy

A large TPACS and high ROS efficacy are ideal characteristics
for a PS or stimulus-activated nanosystem.>® The 2-photon
excited fluorescence (TPEF) method, which is based on power

1740 | Mater. Adv, 2024, 5,1736-1745
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dependent fluorescence emission collection, is considered
to be the most reliable method, compared to the Z-scan
method.>®*” This is due to its high fluorescence emission
collection, high accuracy (lower likelihood of an overestima-
tion), and ability to deconvolute the 1-photon from the com-
bined 2-photon + 1-photon effects when a non-pulsed laser is
used to excite the samples (Fig. 4A and Fig. S13, ESIf).>®
Utilizing the TPEF method, the 2-photon power dependent
fluorescence emission in the range of 650-690 nm was thus
collected. After isolating the 2-photon effects, the log-log power
dependence of all the Ce6 variants was found to have slopes of
2 (two), within error (Fig. S14, ESIf). This indicates that the
fluorescence originates from pure TPA.”” All these trials con-
cerning the power dependent TPA fluorescence are provided,
for all the Ce6 NP complexes, in the ESIt (Fig. S15).

The moderate TPACS y-intercepts, across all samples
(Fig. S14, ESIY), ranging from 4.4 to 4.6, indicate reasonably
sized TPACS for all the Ce6-NP complexes. The resulting cross-
section (‘“‘action cross-section”), when using the TPEF method,
is the product of the fluorescence quantum yield and the
TPACS. Due to our previous suggesting that some assembly is
occurring due to m-stacking of the Ce6 molecules, the fluores-
cent quantum yields cannot be assumed to be consistent
between samples.’*®" With the quantum yields calculated, we
determined the TPACS of free Ce6, 8-arm PEG-Ce6, and 8-arm
PEG-Ce6-dMIBG/dBG (Fig. 4B, Fig. S16 and Table 2, ESIt). With
an experimental cross-section of 24 + 8 GM the free Ce6 was
found to have the smallest cross-section, which was further
found comparable to a previously reported value of 33.6 GM by
the application of the Z-scan method, which can result in an
overestimation of the cross-section.*>®> It was observed that
while there was an increase in the TPACS to 56 + 2 GM,
when the Ce6 molecules were conjugated to the 8-arm
PEG and there was an increase once the small molecules
were conjugated, there was no significant difference in
the cross-section values between the 8-arm PEG-Ce6-dBG
and the 8-arm PEG-Ce6-dMIBG nanosystems themselves
(72 £ 23 GM and 78 £ 25 GM, respectively). An enhancement
of the TPACS may be due to the emergence of a peak at
approximately 730-735 nm appearing near the 2-photon
virtual-state transition at 800 nm when Ce6 is conjugated to
PEG, the peak becoming further enhanced upon the MAL-PEG-
dMIBG/dBG conjugation (Fig. S7, ESI{). States near-resonance
to virtual state transitions are known to strongly enhance the
rate of TPA.®*%*

To determine the ROS production of the 8-arm PEG-Ce6-
dMIBG/dBG nanosystems and of the free Ce6 the reactive
oxygen sensing probe singlet oxygen sensor green (SOSG), was
used to indirectly measure the ROS production because of its
ability to react with singlet oxygen (*0,).°>® SOSG has been
previously employed to detect 'O, production of Ce6 using a
660 nm excitation, but to our knowledge a 400 nm excitation, in
particular, has yet to be used to evaluate the ROS production of
Ce6.°”°® An increasing fluorescence intensity was observed as
the total irradiation time increased, indicating the successful
production of 'O, (Fig. 4C, D and Fig. S15, ESIY).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Showing the combined 2-photon + 1-photon stimulated fluorescence from Ce6 in contrast to the 1-photon fluorescence at 668 nm

(indicated by green dotted line) from a 800 nm laser set to 0.383 W. (B) 2-photon log[Counts] vs. log[Power (W)] graph of Coumarin 307 at 506 nm, 8-
arm PEG-Ce6-dMIBG, and 8-arm PEG-Ce6-dBG at 668 nm to calculate the 2-photon cross section. (C) Emission spectra of 8-arm PEG-Ce6-dMIBG +
SOSG after excitation at 400 nm showing the increase in SOSG-EP fluorescence. (D) Normalized fluorescent intensity of SOSG-EP at 530 nm after
continuous illumination of 0-400 s at 549 nm (Rose Bengal — RB) and at 400 nm (Ce6, 8-arm PEG-Ce6, 8-arm PEG-Ce6-dMIBG, and 8-arm PEG-Ce6-

dBQ), used to calculate the ROS efficacies.

Table 2 TPACS and ROS efficacy values for free Ce6, 8-arm PEG-Ce6
and 8-arm PEG-Ce6-dBG/dMIBG

Compound TPACS (GM) ROS efficacy” (%)
Ceb 24 + 8 63 + 8

8-arm PEG-Ce6 56 + 2 94 + 16

8-arm PEG-Ce6-dBG 72 + 23 49 £+ 16

8-arm PEG-Ce6-dMIBG 78 + 25° 63 + 4

@ All experiments were done in triplicate (n = 3). ° All TPACS experi-
ments were repeated n = 3 except for the 8-arm PEG-Ce6-Dmibg (n = 4).

We conducted detailed studies to quantify the ROS efficacy
(Table 2) and saw an increasing fluoresence intensity as the total
irradiation time increased, indicating the successful production of
'0, (Fig. 4C, D and Fig. S15, ESIt). The ROS of all variants is high
(>50%), indicating that the PEG platforms are well-suited for
photodynamic therapy applications. There is modest variation in
ROS efficacy between samples, attributed to effects of the small

© 2024 The Author(s). Published by the Royal Society of Chemistry

molecule moiety and heavy atom effect (ESIf Section $2).°°7°

These findings illustrate a fascinating realtionship between the
different nanosystem design and their resulting 2-photon cross
section (up to 3x enhancement) and ROS efficacy.

2.3 In vitro cytotoxicity of 8-arm PEG nanosystems

Good biocompatibility without illumination, i.e., the absence of
“dark toxicity,” should be required when choosing a therapeu-
tic agent for PDT applications. The biocompatibility of Ce6 has
been widely reported, but with varying results.”*””® Therefore,
to further investigate the biocompatibility of the free Ce6
and the other Ce6-NP complexes, a colorimetric assay was
conducted using 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetra-
zolium bromide (MTT) (Fig. 5).%° We saw a significant decrease
in viability as the concentration of free Ce6 increases when cells
were incubated with only the free Ce6 and the 8-arm PEG Ce6,
even at the low concentration of 2 puM. All cell viability was
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Fig. 5

(A) Cell viability of SK-N-BE(2)C neuroblastoma cells with Ce6, 8-arm PEG-Ce6, 8-arm PEG-Ce6-dMIBG, and 8-arm PEG-Ce6-dBG at varying

concentrations (2, 10, 100 uM equiv. of Ce6). Data is presented as mean + SD (n = 5). Significance was calculated via student-t test ***P < 0.001

compared to control samples with 100% viability.

eliminated at a free Ce6 concentration of 1000 uM, and when
exposed to 8-arm PEG-Ce6 the viability was decreased to about
35% at the same concentration. Conversely, once the Ce6 is
conjugated to the 8-arm PEG, the decrease in average viability
was only to around 50%, at the highest Ce6 concentration.
However, once the small molecules (dBG and dMIBG) are
conjugated to the system, the viability remains at 97% or above
up to 100 uM. Once a 500 pM equivalence of Ce6 was reached
the 8-arm PEG-Ce6-dMIBG started to show significant toxicity,
reducing the cell viability to 60%. Notably, the 8-arm PEG-Ce6-
dBG showed little cytotoxicity at all concentrations except for
the highest, 1000 pM equivalent Ce6, concentration. These
significant results show that the Ce6 cytotoxicity is significantly
reduced once conjugated to the 8-arm PEG, thus becoming
more biocompatible, over a wider range of concentrations, and
even more so once the PEG-small molecule linkages are
attached. Additionally, even though both 8-arm PEG-Ce6-
dMIBG and -dBG nanosystems remain biocompatible, even at
higher concentrations, the iodine attached to the molecule
appears to have only a minor impact on the biocompatibility
of the entire nanosystem. This low cytotoxicity is indicative of a
highly desirable therapeutic, and thus is a very significant result
of this investigation.

2.4 Invitro 2p-PDT

To assess the application potential of the 8-arm PEG-Ce6-
dMIBG nanosystem, which showed the most promising results
from the previous section in vitro 2p-PDT tests were performed
on the SK-N-BE(2)C neuroblastoma cell line, which was chosen
due to its specific uptake of norepinephrine and its high
endogenous expression of NETs.*! Previous studies showed
even when attached to nanoparticles, MIBG derivatives target
the same uptake-1 mechanism through the NETs.*>®* This can
be presumed to apply to our system as well. The only exception
that we have reported is in the instance of excess MIBG, which
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triggers a nonspecific enhanced uptake.®* Note that this is not
the case for this nanosystem. NPs with a 1 uM equivalence of
Ce6 were used for the in vitro 2p-PDT experiment, because of
their higher dark cell viability over 24 h (Fig. 5). Samples were
illuminated with an 800 nm pulsed laser at 2.4 mW for 10 scans
(400 Hz speed, 1.2 um pixel dwell-time) within a 250 pm x
250 pm box (40x objective). These parameters were chosen
based on previous in vitro 2p-PDT literature.®"®” However, the
protocol was modified to ensure the natural cell death cycle did
not skew any results within a 12-h incubation time (full details
in Section S1, ESIt). Calcein AM, a fluorescent dye, was used to
mark cell viability as it is often employed to study 2p-PDT.*"
A co-stain method with propidium iodide (PI) was also utilized
to verify the cell death. The observation of significant decreased
Calcein AM fluorescence (a result of cell membrane disruption)
combined with the cells’ nuclei being positively stained with PI
confirms cell death by necrosis (Fig. 6B).>'

As expected, the control sample incubated with no NPs
showed that the NIR radiation did not by itself cause a
significant cell kill effect, as there was no PI staining
(Fig. 6B). Interestingly, although the 8-arm PEG-Ce6 showed
the highest ROS efficacy (Fig. 3D and Table 2), the 8-arm PEG-
Ce6 samples showed a minimal amount of disruption to the
cell membranes through the presence of PI. Through image
analysis the amount of cell death caused by 8-arm PEG-Ce6 was
not deemed statistically significant (Section S1 and Tables S3,
S4, ESIT). In contrast, statistically significant cell death was
observed when the 8-arm PEG Ce6-dMIBG NPs were incubated
with the cells and irradiated. This is indicated by the increase
in PI staining (Fig. 6B), demonstrating a higher cell kill effi-
ciency due to the stronger photodynamic effects when using the
8-arm PEG-Ce6-dMIBG NPs (Table S3, ESIt). The larger increase
for the 8-arm PEG-Ce6-dMIBG nanosystem reveals an advan-
tage of having a strong TPACS and uptake enhancement due to
the dMIBG moieties.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(A) Illustration showing the 2p-PDT effects without any PS/nanosystem (top) versus with the nanosystem (bottom) using Calcein AM and

propidium iodide (Pl) as co-stains representing cell viability and cell death, respectively. (B) 2p-PDT images of SK-N-BE(2)C cells with control (no NP) as
well as 1 uM Ce6 equivalence of 8-arm-PEG-Ce6, and 8-arm-PEG-Ce6-dMIBG (Trials 1 and 2) under 800 nm 2-photon illumination. Samples were co-
stained with Calcein AM and PI to indicate cell viability and cell death, respectively. Scale bar is 100 um. Additional images of control and 8-arm PEG-Ce6

(Trial 2) can be found in Fig. S17 and S18 (ESI¥).

3 Conclusions

In this study, we prepared the 2-photon photosensitizer Ce6
and two novel non-radioactive MIBG molecules conjugated to
an ultracompact 8-arm PEG NP so as to create highly effective
nanosystems for 2p-PDT of adrenergic disorders. To quantify
2p-PDT potential, we measured the TPACS and ROS quantum
yield of the nanosystems. We found that not only were the
photosensitization properties of the Ce6 maintained across all
PEG platforms — TPACS and ROS efficacy were enhanced when
Ce6 was attached to 8-arm PEG due to Ce6 m-stacking and
modest NP assembly. Additionally, when conjugating the MIBG
derivatives to the 8-arm PEG platform, TPA showed further
enhancement. Having demonstrated a high biocompatibility
across all samples, we lastly showed that incorporating both
Ce6 and the dMIBG onto 8-arm PEG produced the greatest
in vitro 2p-PDT efficiency far exceeding 8-arm PEG-Ce6 used in
isolation. Overall, the multifunctional 8-arm PEG NPs with Ce6

© 2024 The Author(s). Published by the Royal Society of Chemistry

and derivatives of MIBG show great promise towards deep-
tissue photodynamic therapy of adrenergic disorders without
the use of a conventional radiolabel. Our study also provides an
important framework for improving photodynamic therapy
efficacy with a 2p-PS tuneability for functional nanoparticles
across disease models.
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