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ABSTRACT: We present a new targetable nanoconstruct (NC)
capable of simultaneously serving as a therapeutic platform for
photodynamic therapy (PDT) as well as a magnetic resonance (MR)
molecular imaging agent, free of heavy metal atoms. PDT has seen
much interest with the introduction of NC-assisted cell-speciﬁc
targeting of the photosensitizer (PS). The previously reported
ultrasmall 8-arm polyethylene glycol amine (8PEGA) NC, with an
attached chlorin e6 (Ce6) PS, yielded promising results for PDT of
heart arrhythmia, in vivo and ex vivo, on live rat and sheep hearts,
respectively, when using targeting peptides for cell-specif ic ablation of
cardio-myocytes. Here we explore the extension of this NC-based
PDT to cancer. For this purpose, we switched the targeting peptide
from CTP-cys to F3-cys. Notably, the 8PEGA-Ce6 NCs have a
superior reactive oxygen species (ROS) production compared to
traditional Ce6 encapsulated polyacrylamide (PAAm) NCs, which should be advantageous for PDT. This NC is also cytocompatible and oﬀers chemical ﬂexibility for the attachment of a choice of targeting peptides. Finally, this label-free 8PEGA NC
can be directly and selectively imaged by MRI, using standard spin−echo imaging sequences with large diﬀusion magnetic ﬁeld
gradients to suppress the water signal. Notably, due to its ultrasmall size this NC is also expected to have improved in vivo
penetration and bioelimination, as was already shown in previous biodistribution studies.
KEYWORDS: cancer, MRI agent, nanoparticles, PDT, PEG

■

INTRODUCTION
We describe here a multifunctional, ultrasmall nanoplatform
that has a plethora of desirable therapeutic and diagnostic
(theranostic) properties. Speciﬁcally, we demonstrate its
superior photodynamic eﬃcacy, illustrated by its application
to cancer cells. We also emphasize its unique performance as
an excellent, nontoxic, molecular imaging agent for MRI.
Photodynamic therapy (PDT) is a method for ablating
biological tissue by photo-oxidation utilizing photosensitizer
(PS) molecules. PDT has been pioneered by Dougherty et al.
at the Roswell Park Cancer Institute for treatment of skin
cancer and other diseases.1,2 Since the start of the millennium,
the ﬁeld has received additional attention due to the
emergence of cell-targeted PDT. Both spatial (laser focused)
and biological (cell selective) selectivity is achieved by
employing nanoconstructs (NCs) with targeting antibodies
or peptides, which also extended PDT treatment to subsurface
tumors.2−8 In general, the use of NCs allows for protection of a
PS from the bioenvironment, and vice versa, for bypassing the
immune system3−12
Recently, we reported on the use of PDT for treating heart
arrhythmia in rat and sheep models.13 The NC utilized was the
© 2018 American Chemical Society

octopus-like, ultracompact, and highly biocompatible polymer,
8-arm polyethylene glycol amine (8PEGA). The amineterminated arms were used to anchor the algae-derived PS,
chlorin e6 (Ce6), and a targeting moiety for cardiomyocytes.13 Here, the relatively small sized (<20 nm)
8PEGA derived NCs penetrated the very dense tissue of the
heart muscle, selectively accumulating in cardio-myocytes and
thus allowing their photodynamic ablation under mild nearinfrared illumination. Given the success of cell-selective heart
arrhythmia ablation, we focus here on adapting an analogous
NC for treating cancer.
In the heart arrhythmia project, the method of tagging
8PEGA with CTP (cardiac targeting peptide) for targeting was
the very well understood maleimide−thiol reaction. Similarly,
we expect any peptide to be viable for attachment to 8PEGA,
provided it is cysteine terminated. The F3-cys peptide is a
speciﬁc cancer-targeting peptide studied by our lab at great
length.8,14 It was thus chosen as our test case for extending the
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Figure 1. Diﬀerence in structural representation of Ce6 delivery and ROS production eﬃcacy (not drawn to scale). Left: basic Jablonski diagram of
how ROS is produced by Ce6. Right: Encapsulated Ce6 vs anchored to 8PEGA; diﬀerence in how ROS may move shows a clear change in eﬃcacy.

Table 1. k-Values of the Two Discussed NCs at OD = 0.12
for 660 nm

application of 8PEGA-Ce6 from arrhythmia to cancer. HeLa
229 cells sourced from ATCC were chosen as the model
system of interest due to their robust nature and known
overexpression of nucleolin,15 the speciﬁc target of the F3-cys
peptide.14 While our initial interest in 8PEGA stemmed from
its small size (suﬃcient to penetrate heart muscles) and its
biocompatibility, in this work we focus on: (1) its ability to
optimize ROS production with a given PS and (2) its ability to
function as a molecular imaging agent for MRI. The optimized
ROS production is expected for this NC due to the direct
contact of the PS Ce6 with the oxygenated environment, in
contrast to when it is encapsulated inside a standard model
matrix, such as in polyacrylamide hydrogel nanoparticles
(PAAm NPs).16 We demonstrate here an increased ROS
production eﬃcacy, biocompatibility, and ﬂexibility in
targeting when utilizing this NC.
The high molecular weight (40 kDa), ﬂexible chain
dynamics of the 8PEGA group, and its speciﬁc structure also
create favorable conditions for highly selective molecular
imaging using MRI. Speciﬁcally, the slow diﬀusion constant
and transverse spin relaxation rate of 8PEGA combine to allow
diﬀusion-weighted MRI sequences which suppress surrounding
water and fat signals, providing a very clean image of 8PEGA.
We show here that the 8PEGA MR signal is selectively
detected and is proportional to its concentration. We also
emphasize its biocompatibility, compared to current heavy
metal atom MRI imaging agents.

■

nanoplatform

OD

k-value

8PEGA-Ce6
Ce6/PAAm NP

0.12
0.12

2.99 × 10−04 s−1
1.94 × 10−04 s−1

The diameter of the NC 8PEGA is also calculated by
Stokes−Einstein approximately (discussed in the MRI/NMR
characterization section, Figure S2) and TEM (Figure S3).
Figure 2 shows the absorption spectrum of the F3−8PEGACe6 conjugate; we ﬁnd that the characteristic peaks at 660 nm
are preserved, compared to the nontargeted NCs.13 For clarity,
the chemical modiﬁcation of 8PEGA-Ce6 with F3-cys is shown
in Scheme 1.
Dark Toxicity of HeLa Cells. Flow cytometry was
employed as a method of testing the biocompatibility of this
NC to test for dark toxicity. Cells were tested at a
concentration of 200 μg/mL F3−8PEGA-Ce6; control cells
denote a data group with no F3−8PEGA-Ce6 NCs added. As
can be seen from Figure 3, no signiﬁcant toxicity was observed.
A concentration of 200 μg/mL was chosen for its use in
previous PAA NP construct cell viability assays.16−18
PDT Eﬃcacy in Vitro. As a control test to eliminate the
possibility of simple cell stress from the excitation light, HeLa
cells without F3−8PEGA-Ce6 were plated and illuminated for
the same length of time and power as used in PDT for NCtreated cells (50 mW/cm2, 10 min). After illumination (Figure
4A, B) there is an insigniﬁcant change in cell morphology, no
change in the cytosolic stain calcein AM ﬂuorescence counts,
and no signs of membrane blebbing (a hallmark of apoptosis).
We observe a remarkable diﬀerence in the calcein AM
ﬂuorescence after photoillumination of the cells with F3−
8PEGA-Ce6 (Figure 4C,D). While there was no observable
propidium iodidie (PI) ﬂuorescence prior to illumination (data
not shown), after illumination cell membrane impermeable PI
can be seen to stain the nuclei of the cells (Figure 4E).
The translational diﬀusion constant, D, and relaxation times
T1 and T2 of 8PEGA were measured at 25 and 35 °C (Table 2,
Figure S2). Images in solution of 8PEGA (nonmodiﬁed) were
gathered to demonstrate generation of clean images when
water/fat was suppressed (Figure 5) and their concentrationdependent response (Figure 6).
The response can be seen to be linear with concentration
(Figure 6), consistent with images gathered with water
suppression techniques (Figure 5B). Tested concentrations

RESULTS

Complete 8PEGA Characterization. We compared the
ROS production of Ce6 when attached to 8PEGA vs when
encapsulated in polyacrylamide (PAAm), where the two
competing nanostructures are represented in Figure 1. Figure
S1 contains the “k-value” plot of the relative ROS production
of PAAm-encapsulated Ce6. The k-value is a measure of the
kinetic rate at which ROS is produced by Ce6, as measured by
the ﬁrst-order decay of ADPA ﬂuorescence. While the k-value
of 8PEGA was determined by us before,13 to generate k-values
that are comparable, the OD of the PAAm-Ce6 NPs16 was
adjusted by UV/vis to the optical density (OD, 0.12) of the
previously reported 8PEGA-Ce6 at 660 nm.13 Table 1 shows
the relative results for the two NCs when normalized for their
literature ODs.
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Figure 2. UV/vis spectrum of 8PEGA-Ce6 and F3−8PEGA-Ce6 in PBS at 0.1 mg/mL. Inset is of 8PEGA modiﬁcation with CTP and Ce6,
reproduced with permission from ref 13.

Scheme 1. Modiﬁcation of 8PEGA-Ce6 with F3-Cys Peptide, As Reported in This Paper

Figure 3. Hemocytometry cell population results. Incubation conditions: 200 μg/mL F3−8PEGA-Ce6 for 24 h in wells seeded with 200 000 cells
(passage 30); N = 3 × 3 for control and test groups (3 plates each, tested 3 times each). Control group of cells contain no F3−8PEGA-Ce6 NCs,
under the same conditions. The results show near identical cell populations.

consistent with the ∼10−12 nm range found in the 13
measured NCs (Figure S3).

were 0, 2.38, 4.77, 9.54, and 19.08 mg/mL 8PEGA in H2O. In
addition, the Stokes−Einstein equation 1
r = kT /6πηDtrans

■

(1)

DISCUSSION

We hypothesized that Ce6−8PEGA would be a more eﬃcient
ROS producing platform, compared to hydrogel NPs, based on

is employed to calculate the size of 8PEGA to verify TEM
results; the diameter is calculated to be 10.96 nm at 35 °C,
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Figure 4. PDT testing images of HeLa cells. (A) Calcein AM ﬂuorescence of PDT control cells (no F3−8PEGA-Ce6). (B) Calcein AM
ﬂuorescence of PDT control cells 2 h after illumination. (C) Calcein AM ﬂuorescence of test cells (with F3−8PEGA-Ce6) prior to PDT. (D)
Calcein AM ﬂuorescence of test cells 2 h after PDT. (E) PI ﬂuorescence 2 h after PDT. (F) Merge of D and E. PDT test plates were incubated with
200 μg/mL F3−8PEGA-Ce6 for 2 h prior to PDT and all cells illuminated at a total ﬂuence of 50 mW/cm2 for 10 min, using a 692 ± 20 nm ﬁlter
and arc lamp.

the understanding that in 8PEGA the Ce6 group is in direct
contact with the oxygenated environment of the cells (Figure
1). Thus, oxygen does not need to diﬀuse into a PAAm NP
matrix encapsulating the PS, and the ROS need not diﬀuse out
nor suﬀer losses due to reaction with the matrix. The k-value
test conﬁrms this hypothesis by showing that, when adjusted to

Table 2. Relaxation Times and Translational Diﬀusion
Constant of 8PEGA at 25 and 35 °C Measured at 16.4 Ta
T (°C)

T1 (ms)

T2 (ms)

D (10−11 m2/s)

25
35

791 ± 36
934 ± 72

586 ± 24
769 ± 31

3.572 ± 0.015
4.923 ± 0.018

a

Sample is 5 mg/mL L8PEGA in 25/75 (V/V) H2O/D2O.
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Figure 5. Diﬀusion-weighted spin−echo MR images of 8PEGA obtained with b = 108 s/m2 (A) and b = 1010 s/m2 (B). The 110 M water proton
signal dominates conventional MR images as seen in (A) but is suppressed by a factor of 10−10 by imaging at b = 1010 s/m2. The diﬀusion constant
of 8PEGA was measured by stimulated echo pulsed ﬁeld gradient NMR at 25 °C to be 3.572 × 10−11 m2/s, allowing 70% of the initial
magnetization to survive at b = 1010 s/m2. The color bar in (B) shows detected concentration of 8PEGA.

chosen for grafting onto the 8PEGA-Ce6.18,21−23 Notably,
after attachment of F3-cys, the Ce6 spectroscopic features are
largely unaﬀected (Figure 2), indicating the preservation of
photophysical properties when switching peptides (from CTP
for targeting heart myocytes to F3 for targeting cancer
cells).13−15 A mild decrease in Ce6 absorption is noted for
0.1 mg/mL when compared to before and after modiﬁcation
but is expected, as the BiPEG and F3-cys will increase the MW
of the NC.
An important aspect of this NC is its biocompatibility. The
total construction is comprised of PEG, Ce6, and the homing
peptide F3-cys. PEG is commonly known as a highly
biocompatible substance, and F3-cys has been used as a
targeting agent in our lab and others with no toxic eﬀects in
vitro or in vivo.18,21−23 The algae-derived Ce6 has been used
extensively in the literature as a PDT agent.24−28 As such, it is
expected that the combination of these three moieties should
present no signiﬁcant biocompatibility issues. This is
conﬁrmed in vitro by our hemocytometry results (Figure 3).
Before initiating PDT tests with F3−8PEGA-Ce6, the
chosen laser conditions (50 mW/cm2 for 10 min) were tested
to ensure that the illumination was not a source of signiﬁcant
cell stress. Calcein AM images of the cells before (Figure 4A)
and after (Figure 4B) illumination demonstrated little change
in morphology and no signs of apoptosis. Therefore, the
photoillumination source does not impart signiﬁcant stress
upon the cells. PDT was then initiated on 4 HeLa cells in the
presence of F3−8PEGA-Ce6 at a concentration of 200 μg/mL
(Figures 4C, D, E, and F). There is a signiﬁcant decrease of
calcein AM ﬂuorescence after PDT in the 4 cells, indicating a
loss of cytosolic contents, an event that would only occur
under conditions where the cell membrane has been ruptured.
Rupturing of the membrane was shown by the staining of the 4
HeLa cell nuclei with the cell-impermeable dye PI (Figure 4E);
all 4 HeLa cells are dead (100% cell kill). Taking the PDT test
results in conjunction with the cyto-compatibility in Figure 3,
it is evident that the death of the cells is PDT-mediated.
In addition to the more eﬃcient PDT (50% larger k-value),
we believe that the use of 8PEGA NPs may present two more
advantages: (1) The small size of the NC oﬀers the possibility
of quick renal clearance from the body,13 a feature not aﬀorded
by larger NPs, and (2) the ability to penetrate tumor areas that
have not yet undergone angiogenesis, in contrast to traditional

Figure 6. Concentration-dependent MRI signal of 8PEGA. A region
of interest (ROI) was selected for each of the 5 vials and mean
(circles) and standard deviation (error bars) of the signal computed.
A linear equation was ﬁtted to the 5 measured vials, and the result is
shown as a dashed line.

identical ODs, the k-value of the Ce6−8PEGA13 is about 50%
larger than that of the Ce6-encapsulated PAAm NPs (Table 1).
Being that 8PEGA is a star-shaped polymer, measurement of
its size by the Stokes−Einstein equation, which assumes a
spherical material shape, is desirable.19 It is found after
measuring the translational diﬀusion coeﬃcient, D (Table 2,
Figure S2), that the size of polymer at 35 °C is ∼11 nm. As a
secondary method of analysis, 8PEGA was stained with uranyl
acetate and visualized using TEM (Figure S3). The size of the
13 chosen points is found to be approximately 10−12 nm, in
good agreement with the Stokes−Einstein equation measurement.
PEGylating the surface of nanoparticles is often used as a
sort of cloak and dagger approach, as PEG is largely ignored by
the immune system and cells in general.20 Here the platform
itself is made of PEG only. Thus, a targeting vector is helpful
not only for in vivo applications but also to accelerate cell
uptake in vitro. For cancer targeting, the nucleolin targeted
peptide F3-cys has been shown to be quite useful and was thus
1098
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this will remain true in vivo. 8PEGA additionally demonstrated
clear promise as a molecular imaging agent in MRI when
coupled with techniques meant to suppress water and fat
signals. Overall the F3−8PEGA-Ce6 presents an attractive
universal NC for theranostics (imagining and PDT), from
heart arrhythmia to cancer, and possibly to other pathologies.
The potential beneﬁts of rapid renal clearance and of
accumulation in early stage tumors, even before angiogenesis,
coupled with the MRI results, encourage a translation to
animal studies. Models, protocols, and animals are currently
being evaluated in further studies.

larger NPs that require a porous/leaky vasculature so as to be
able to penetrate the tumor.29
Previous work has shown that 13C-tagged PEG could be
selectively imaged in vivo using heteronuclear MR methods.30
We report here that the intrinsic ﬂexibility of the poly(ethylene
oxide) chain31 and the slow translational diﬀusion of 8PEGA
create an exploitable set of physical and dynamic conditions for
selective MR imaging of 8PEGA protons using 1H NMR.
Speciﬁcally, 8PEGA’s fast chain motions with correlation times
of approximately 0.1 ns31 provide suﬃcient averaging of the
proton dipole−dipole interaction to yield a long nuclear spin
transverse relaxation time T2, measured here to be 586 and 769
ms at 25 and 35 °C, respectively. In contrast to fast internal
chain dynamics, the molecule’s high molecular weight yields a
translational diﬀusion constant that is 2 orders of magnitude
slower than that of water molecules. Therefore, the water
signal can be eﬀectively suppressed by large diﬀusion
gradients32 so that only the ethylene oxide signal will remain
due to the combination of its long T2 time and slow diﬀusion
of 8PEGA. Notably, the MR signal intensity decays as eq 2
Mxy(b , TE) = Mxy(0)e−bDe−TE/ T2

■

MATERIALS AND METHODS

Materials. Chlorin e6 (Ce6) and 1-ethyl-3-(3-(dimethylamino)propyl)carbodiimide (EDC) are sourced from Frontier Scientiﬁc.
8PEGA (40 kDa) and Bi-PEG (Maleimide-PEG-Succinimydal Ester,
2kDA) is sourced from Creative PEG Works. F3-Cys peptide
(KDEPQRRSARLSAKPAPPKPEPKPKKAPAKKC) is sourced from
SynBioSci. 190 proof natured ethanol from Decon Laboratories. 10
kDa and 300 kDa ﬁlters for Amicon Cells and 10 kDa centrifugal
ﬁlters are sourced from Amicon. DMEM [(+)-glutamine, sugar,
sodium pyruvate), penicillin streptomycin, and fetal bovine serum are
sourced from Life Technologies. All other chemicals are sourced from
Sigma-Aldrich: acrylamide, 3-(acryloyloxy)-2-hydroxypropyl methacrylate (AHM), aminopropyl methylacrylamide hydrogen chloride
salt (APMA), N-hydroxy succinimide (NHS), N,N′-dicyclohexylcarbodiimide (DCC), Brij L4, dioctyl sulfosuccinate sodium salt (AOT),
dimethyl sulfoxide (DMSO), dimethylformamide (DMF), ammonium persulfate (APS), tetramethyl ethylene diamine (TEMED),
phosphate buﬀer saline (0.01M, PBS), hexanes, cysteine, anthracene
dipropionic acid (ADPA), calcein AM, propidium iodide (PI). HeLa
229 cells are provided by ATCC.
8PEGA-Ce6 Conjugate. Ce6 was conjugated to 8PEGA via
DCC/NHS coupling in DMF.13 Brieﬂy, 448 μL of Ce6 solution (20
mg/mL, DMF) was activated with 154.8 μL of DCC and 172.8 μL of
NHS under stirring (20 mg/mL, DMF) for 30 min. 500 mg of
8PEGA was solvated in DMF at a concentration of 50 mg/mL using
sonication. Upon solvation, the Ce6 solution was added to the
8PEGA solution and allowed to stir overnight. The following day,
unconjugated Ce6 was removed using 50% ethanol/PBS mixture in an
Amicon Cell ﬁltration system using a 10 kDa membrane. After
puriﬁcation, the solvent was exchanged with Millipore ultrapure water,
and the materials were ﬁltered using a 0.45 μm syringe ﬁlter and
freeze-dried for storage.
F3−8PEGA-Ce6 Conjugate. 8PEGA-Ce6 was modiﬁed with F3
via the same methods reported by our lab over the years.14,17,18,21−23
After modiﬁcation with F3-cys, the UV/vis was then taken to ensure
that the Ce6 had not aggregated in the process. Brieﬂy, 20 mg of BiPEG is added to 1 mL of 8PEGA-Ce6 (20 mg/mL, PBS) and stirred
for 30 min. The solution was then washed 4 × 15 minutes in PBS
using a 10 kDa centrifugal ﬁlter. The resulting solution was
concentrated to 20 mg/mL (by original mass), and 22 mg of F3cys was added (220 μL, 11 mg/110 μL DMSO) and left to stir
overnight. The next day, excess of cysteine was added and stirred for 2
h to cap any unreacted maleimide groups. The solution was then
ﬁltered again using a 10 kDa centrifugal ﬁlter and Millipore ultrapure
water and freeze-dried for storage.
Ce6-Encapsulated Polyacrylamide Nanoparticles (PAAm
NPs). Ce6 was encapsulated in PAA NPs through a slightly modiﬁed
previously reported method.16 Brieﬂy, 5 mg of Ce6 was added to 930
μL of PBS and 100 μL of DMSO with 28 mg of APMA, 19 mg of
NHS, and 16 mg of EDC. The solution is stirred at 37 °C for 2 h.
Acrylamide and AHM were then added to the solution (368 mg and
52.6 μL, respectively) and sonicated to create a uniform solution. This
solution was added to a 100 mL round-bottom ﬂask containing 31 mL
of hexane, 2.2 mL of Brij L4, and 1.07 g of AOT under stirring. The
stirring was adjusted to where the generated vortex is just barely
touching the stir bar (∼500 rpm). The contents of the ﬂask were then

(2)

where the b value is determined by the magnetic ﬁeld gradient
magnitude and duration; D is the translational diﬀusion
constant of either water or 8PEGA; TE is the echo time; and
T2 is the transverse spin relaxation time. In addition, the
symmetry of the ethylene oxide monomer gives rise to a single
chemical shift for all four protons, and each 40 kDa polymer
molecule carries approximately 3600 protons, creating a large
molar ampliﬁcation of the NMR or MRI signal. By performing
a diﬀusion-weighted, spin−echo MR imaging experiment with
high b values and long TE times, water signals, due to fast
diﬀusion, and fat signals, due to short T2 times, are eﬀectively
suppressed, and the 8PEGA signal is selectively imaged. In vivo,
some signals at high b values will remain due to restricted
diﬀusion in cells, but these signals can either be removed or
distinguished from the 8PEGA signal due to the ∼1 ppm
diﬀerence between water and ethylene glycol protons in
traditional 1HNMR.
The results (Figure 5A and B) indeed show that 8PEGA
functions very well as an MR imaging agent when coupled with
the above-mentioned suppression techniques. This may
potentially replace other MRI contrast agents like gadolinium
salts or chelates, which present health risks to certain patient
groups. There is a clear diﬀerence in images without (Figure
5A) and with (Figure 5B) applied suppression techniques. The
8PEGA imaging signal is also linear with its concentration
(Figure 6). Notably, when the above techniques are applied,
clean and well-deﬁned images of 8PEGA are recovered,
showing clearly its viability as a potential imaging agent in
vivo. If properly calibrated for, this would allow for
quantiﬁcation of the 8PEGA in biological tissue (e.g., tumor
area vs ﬁltration organs).

■

CONCLUSIONS
The Ce6−8PEGA NCs have been shown to be ultrasmall and
possess superior ROS production, compared to encapsulated
PAAm-Ce6 NPs. The successful exchange of the targeting
peptides, from CTP to F3-cys, demonstrates this NC’s
chemical ﬂexibility in changing targets. The F3−8PEGA-Ce6
NCs also displayed good biocompatibility in vitro, and their
constituent composition (PEG, Ce6, F3) makes us believe that
1099
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purged with nitrogen for 15 min. Nitrogen ﬂow was removed from
contact with the ﬂask contents and maintained inside the ﬂask. 15 mg
of APS in 100 μL of water was added dropwise to initiate
polymerization, and 100 μL of TEMED was added dropwise to
catalyze the process. Polymerization was allowed to proceed for 2 h.
Hexanes are then removed via rotary evaporation. The resulting
contents were redispersed in ethanol and cleaned using 10 × 150 mL
of ethanol and 5 × 150 mL of Millipore ultrapure water in an Amicon
Cell using a 300 kDa ﬁlter. The puriﬁed materials are syringe ﬁltered
using a 0.45 μm ﬁlter and freeze-dried for storage.
Equipment. A Shimadzu UV-1601 UV/visible spectrophotometer
was used for recording and adjusting the optical density (OD) of
PAAm-Ce6 NPs. All ﬂuorescence spectra were taken using a
Fluoromax-3.
Size Analysis. The size of 8PEGA was characterized through two
methods: TEM and NMR. To gather images of 8PEGA in its
hydrated form, the compound was deposited on a copper grid, stained
with uranyl acetate, and placed into the chamber while the grid was
still wet. This enabled reasonable visualization of the low electronically dense 8PEGA by using surface tension to maintain its
conformation. Size was analyzed via NMR using the Stokes−Einstein
equation for translational motion (see MRI section for NMR
measurements).
MRI. NMR relaxation times T1, T2 and translational diﬀusion
constant, D, of 8PEGA were determined at 25 and 35 °C with a
Varian/Agilent 16.4T NMR high-resolution spectrometer equipped
with pulsed ﬁeld gradients. T1, T2 and diﬀusion data were collected
with inversion−recovery, spin−echo, and stimulated-echo pulse
sequences, respectively.
T1 times were estimated by ﬁtting recovery of longitudinal
t y
magnetization to Mz(t ) = M 0 1 − 2 exp − T zzz where t was the
1
{
time between the inversion RF pulse and sampling RF pulse. T2 times
were estimated by ﬁtted decay of transverse magnetization to

(

35 mm culture dish was seeded with 100 000 cells and incubated with
200 μg/mL of F3−8PEGA-Ce6 for 2 h. For the cell live/dead tests
the cells were stained using calcein AM green. After incubation, the
cells were washed 3 times with prewarmed Dulbecco’s PBS (DPBS),
and 1 mL of prewarmed colorless DMEM (no serum) is added. A 20
uL solution of propidium iodide (1 mg/mL) was added as a necrotic
cell death indicator for evaluating the PDT.
Confocal Imaging. Confocal imaging was performed using an ISS
ALBA time-resolved confocal microscope, with an IX-81 Olympus
microscope body and a U-Plan S-APO 60X 1.2NA water immersion
objective. A Fianium supercontinuum laser with an acousto-optical
ﬁlter was used to generate picosecond-excitation pulses at a
wavelength of 488 nm at a repetition rate of 20 MHz. Fluorescent
emission was separated into two channels by a 592 nm short-pass
dichroic mirror and collected simultaneously through 100 μm
pinholes and a 531 ± 20 nm bandpass ﬁlter (calcein channel) and
a 630 ± 32 nm bandpass ﬁlter (propidium iodide channel) onto a low
noise avalanche photodiode.
Photodynamic therapy was activated using a mercury arc lamp with
a 692 ± 20 nm excitation ﬁlter, using neutral density ﬁlters to adjust
the total incident power to 50 mW/cm2.
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( ) where t was the time for formation of
t

Mxy(t ) = Mxy(0)exp − T

2

the spin echo. The translation diﬀusion constant D was estimated by
ﬁtting the decay of magnetization due to a pair of pulsed magnetic
ﬁeld gradients in a stimulated echo experiment to Mxy(b) = M0

(

exp(−bD) where b was given by b(Gz , δ , Δ) = (γGzδ)2 Δ −

δ
3
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where Gz is the amplitude of the applied gradient, γ the proton
gyromagnetic ratio, δ the duration of the applied gradient, and Δ the
time separation between the gradient pair.
Relaxation times and diﬀusion constant were estimated by ﬁtting
appropriate exponential functions to the NMR data using scripts
written in Matlab (The Mathworks, Natick, MA). MRI was performed
with a Varian/Agilent 7T animal imaging system using a 120 mm
diameter shielded gradient set capable of 400 mT/m and a 40 mm
millipede RF coil. The images were created with a diﬀusion-weighted,
spin−echo sequence with TR/TE of 500/200 ms and b values of 108
and 1010 s/m2 for Figures 6A and 6B, respectively.
Reactive Oxygen Species (ROS) Evaluation. We use the socalled “k-value” test, a method of relatively quantifying the amount of
ROS produced (larger k-value = more ROS).11 The 8PEGA-Ce6 ROS
k-value was previously reported at an OD of 0.12 at 661 nm.13 To
establish comparable k-values, the PAAm-Ce6 NPs are normalized to
the OD of 8PEGA-Ce6 reported data (adjusted to OD = 0.12 at 660
nm) and the k-value evaluated via the same means as previously
reported.11,13 Brieﬂy, 80 uL of ADPA (0.3 mg/mL) was added to 2
mL of OD = 0.12 PAAm-Ce6 NPs in PBS. The ﬂuorescence of ADPA
is taken before illumination with 661 nm light and recorded at 427
nm; this was repeated after every 300 s with 661 nm illumination. The
ADPA 427 nm data points were then plotted as ln(I/I0) vs time,
where the slope is the resulting k-value.
Cell Culture PDT Test. HeLa cells were chosen as the cancer cell
test line due to their robust nature. These cells were grown using
DMEM culture medium containing 1% PenStrep and 10% fetal
bovine serum. The cells were at passage 30 when used. An arc lamp
was used as the excitation source for PDT and control tests. Brieﬂy, a
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