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ABSTRACT We describe the synthesis of iron oxide nanoparticles
(IONPs) with excellent colloidal stability in both water and serum,
imparted by carefully designed grafted polymer shells. The polymer
shells were built with attached aldehyde functionality to enable the
reversible attachment of doxorubicin (DOX) via imine bonds,
providing a controlled release mechanism for DOX in acidic environ-

H1299 spheroid IONPs-DOX

ments. The IONPs were shown to be readily taken up by cell lines

C

Intracellular DOX release

(MCF-7 breast cancer cells and H1299 lung cancer cells), and intracellular release of DOX was proven using in vitro fluorescence lifetime imaging microscopy

(FLIM) measurements. Using the fluorescence lifetime difference exhibited by native DOX (~1 ns) compared to conjugated DOX (~4.6 ns), the intracellular

release of conjugated DOX was in situ monitored in H1299 and was estimated using phasor plot representation, showing a clear increase of native DOX with

time. The results obtained from FLIM were corroborated using confocal microscopy, clearly showing DOX accumulation in the nuclei. The IONPs were also

assessed as MRI negative contrast agents. We observed a significant change in the transverse relaxivity properties of the IONPs, going from 220 to

390 mM~'s ", in the presence or ahsence of conjugated DOX. This dependence of MRI signal on IONP-DOX/water interactions may be exploited in future
theranostic applications. The in vitro studies were then extended to monitor cell uptake of the DOX loaded IONPs (IONP@P(HBA)-b-P(OEGA) + DOX) into two
3D multicellular tumor spheroids (MCS) grown from two independent cell lines (MCF-7 and H1299) using multiphoton excitation microscopy.
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heranostics is the collective term used
Tfor a newly emerging field of nano-

technology where a single nanopar-
ticle is designed to carry functionalities to
instigate both diagnosis and therapy.' 3 Itis
now well established that nanoparticles
(NP) can be designed to encapsulate/trans-
port a wide variety of chemotherapeutic
agents for delivery to cancerous (or dis-
eased) cells.*~® Nanoparticles can be de-
signed to target tumors by either targeted
or passive processes.” Passive targeting is
reliant on the size of nanoparticles being
smaller than the fenestrations of endothe-
lial cells enabling penetration of the inter-
stitium to allow accumulation in the tumor.
The combination of leaky vasculature and
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poor lymphatic drainage results in the well-
known enhanced permeability and reten-
tion (EPR) effect.®

The use of nanoparticles as contrast
agents for biomedical in vivo imaging is also
widely reported in the medical/scientific
literature with many potential advantages
over small molecule contrast agents.® '
Magnetic iron oxide nanoparticles have
been studied widely for applications in
magnetic resonance imaging (MRI),'>~'6 stem
cell tracking,'*'” biomolecular separation
(i.e., proteins and DNA),"*'® hyperthermia'*
and drug/gene delivery.>®'*'? Specifically,
iron oxide nanoparticles (IONPs) have been
applied clinically as MRI contrast agents
for the detection of liver lesions and
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adenocarcinoma.?® In comparison to other noninva-
sive imaging techniques, MRI has several advantages,
such as superb spatial resolution, good soft tissue
contrast and zero radiation exposure. In a number of
recent studies, IONP contrast agents have been em-
ployed as theranostics to deliver therapeutic mol-
ecules, including chemotherapy drugs and short
interfering ribonucleic acid (siRNA).2'2° Potentially,
IONPs can be used to track therapeutic molecule
delivery and monitor localized response allowing phy-
sicians to adjust dosing regimens to achieve optimal
physiological response. The conjugation of therapeutic
molecules to IONPs can be achieved by exploiting
polymer layers attached to the nanoparticle surface.
Two different strategies can be employed for attaching
therapeutic molecules to IONPs; simple, noncovalent,
encapsulation of therapeutic molecules into the poly-
mers, using hydrophobic or electrostatic interac-
tions,”” 33 eg., the delivery of siRNA or doxorubicin
(DOX) as reported by Nasongkla et al.,> Liu et al.,>* and
others.?’ 31333639 plternatively, the covalent attach-
ment of therapeutics via a reversible linker can provide
an improved control over release and pharmacoki-
netics. Many linkers are known, with redox-, photo-,
pH-, enzymatic, or temperature responsiveness to
permit reversible conjugation of therapeutics to
scaffolds.**™*® There are only a limited number of
studies describing the conjugation of chemotherapy
drugs to hybrid organic/inorganic nanoparticles. Gao
and co-workers** conjugated DOX directly to IONPs via
an imine linker, showing an enhanced release of DOX
at pH 5.4 and relative stability at pH 7.4. However, in
this highly promising approach the drug loading was
limited by the grafting density of the aldehyde groups
on the IONPs surface, and intracellular drug delivery
was inferred (rather than proven) using fluorescence
uptake data, which is unable to distinguish between
conjugated or free DOX.

In this present work, we build on the previous work
of Gao and co-workers,** with a synthetic approach
allowing more versatility in DOX loading. We have
synthesized IONPs stabilized with functional polymers
with a capability to attach DOX via a pH-responsive
imine bond. Phosphonic acid terminated poly(4-O-
acryloyl benzaldehyde-b-oligoethylene glycol-acrylate)
block copolymers were made by reversible addition—
fragmentation transfer (RAFT) polymerization. The
copolymers were grafted “onto” IONPs via a simple
sonication technique using the strong affinity of the
phosphonic end group to anchor onto the IONP sur-
face. The poly(oligoethylene glycol acrylate) block
provides a hydrophilic, antifouling and biocompatible
layer to the IONPs,*’*® and the poly(4-O-acryloyl
benzaldehyde) provides functional groups suitable
for DOX conjugation via Schiff base/imine bond. The
imine bond is pH-labile, breaking in acidic media (pH
typically ~5.5) suitable for potential release in a tumor
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environment.***° We then employed two powerful
microscopy techniques, multiphoton and confocal mi-
croscopy, as well as fluorescence lifetime imaging
microscopy (FLIM) to monitor IONP uptake using both
2D and 3D cell models. Using FLIM in 2D cell mono-
layers, we were able to identify and distinguish both
conjugated and native (free) DOX in live cells. To our
best knowledge, this report is the first to demonstrate
the potential use of FLIM and phasor plot representa-
tion to monitor the in situ release of DOX from nano-
particles via the intracellular degradation of pH-
responsive bonds (imine). The 3D multicellular spher-
oid model provided an insight into the penetration
depth of IONP@P(HBA)-b-P(OEGA) + DOX to spher-
oids, in comparison with native DOX. In addition,
released DOX was tracked in different compartments
of the cells using FLIM and confocal microscopy. We
also assessed the magnetic properties of the IONPs as
potential contrast agents in MRI and ascertained the
potential for signaling on drug release. Finally, we
studied the cytotoxicity of the drug conjugated nano-
particles using in vitro lung (H1299) and breast (MCF-7)
cancer cell lines.

RESULTS AND DISCUSSION

Synthesis and Characterization of Doxorubicin Functionalized
Magnetic Nanoparticles. Well-defined IONPs with a typical
size of 10 nm were coated with phosphonic acid ter-
minated poly(4-O-acryloyl benzaldehyde-b-oligoethy-
lene glycol-acrylate) block copolymers (P(HBA)-b-P-
(OEGA)) prepared by grafting “onto” using the strong
affinity of the phosphonic acid group for IONP surfaces.
First, phoshonic acid terminated P(HBA)-b-P(OEGA) co-
polymer was made by reversible addition—fragmentation
transfer polymerization (RAFT) by sequential chain ex-
tension in the presence of HBA and OEGA monomers
using a new phosphonic acid RAFT agent (Scheme S1
in the Supporting Information). The polymerization
proceeded in a controlled fashion as indicated by a
linear molecular weight increase versus monomer con-
version (Figure S1 in the Supporting Information) and a
low final polydispersity (PDI < 1.4) (Figure 1A). The
composition of P(HBA)-b-P(OEGA) copolymer was cho-
sen to contain 30 and 50 units of HBA and OEGA,
respectively, as confirmed by 'H NMR spectroscopy
(Figure 1B). The P(HBA) block introduced aldehyde
functionality for further attachment of doxorubicin
(DOX), while P(OEGA) conferred hydrophilicity and
antifouling properties.

Figure 2 showed the grafting strategy used to graft
P(HBA)-b-P(OEGA) copolymer onto IONPs, with a typi-
cal size of 10 nm, as determined by XRD and BET mea-
surements (Figure S2 in the Supporting Information),
to yield IONPs@P(HBA)-b-P(OEGA) with a hydrody-
namic size around 60 nm. The presence of copolymers
on the IONP surface was confirmed using a range of
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Figure 1. (A) SEC and (B) NMR ('H and 3'P) spectra of P(HBA) and P(HBA)-b-P(OEGA) copolymers.
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Figure 2. (top) Schematic representation of functionalization of IONP with P(HBA)-b-P(OEGA) followed by conjugation of
doxorubicin via Schiff base (Imine); (bottom) ATR-FTIR spectra of naked IONP, IONP@P(HBA)-b-P(OEGA) with and without

doxorubicin.

techniques, including XPS, ATR-FTIR and thermal gravi-
metric analysis (TGA).

The aldehyde group was exploited for the attach-
ment of doxorubicin (DOX) under slightly basic condi-
tions (triethylamine) (Figure 2). The solution was incu-
bated overnight to allow for the attachment of DOX to
the polymer layers via a pH responsive bond (Schiff
base/imine). The IONP solution was then purified by
dialysis against water to remove any excess DOX.
Finally, IONP@P(HBA)-b-P(OEGA) + DOX was isolated
as adispersion in water and characterized using several
techniques, including TGA, UV—visible, ATR-FTIR, fluo-
rescence spectroscopy and XPS spectroscopy.

ATR-FTIR spectra (Figure 2) of IONP@P(HBA)-b-P-
(OEGA) confirmed the presence of ester, aldehyde
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and ether bonds at 1730, 1710, and 1150 cm™', re-
spectively. After conjugation with doxorubicin, we
noted the absence of signals from the aldehyde bond
at 1710 cm~'. A new absorption was observed at
~1620 cm™ ' consistent with the formation of a Schiff
base group (imine).**

X-ray photoelectron spectroscopy (XPS) was in-
voked to further characterize the nanoparticles before
and after doxorubicin conjugation (Figure 3). In com-
parison to nonfunctionalized IONPs, the XPS spectra
of polymer functionalized IONP@P(HBA)-b-P(OEGA)
displayed a significant increase in the carbon signal
at 280 eV. An observed decrease in the signals
from iron (Fe) at 720 eV was in accord with a highly
grafted polymer layer on the surface of the magnetic
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Figure 3. XPS Spectra (A) and the atomic percentage (B) of IONP@P(HBA)-b-P(OEGA) with and without doxorubicin. C1s and
N1s spectra are included in Figure S4 in the Supporting Information.

nanoparticles. After conjugation with doxorubicin, a
nitrogen signal was observed (~2%) at ~399 eV con-
sistent with the presence of doxorubicin on the surface
of the nanoparticles, attached via Schiff bonds (signal
at ~288 eV).*

Thermogravimetric analyses (TGA) were used to
determine the polymer content in IONP@P(HBA)-b-
P(OEGA) and to provide insight into the efficiency of
the doxorubicin conjugation reaction (Figure 4). About
42% weight loss was observed on IONP@P(HBA)-b-
P(OEGA) consistent with a grafting density of around
0.15 polymer chain per nm? (Table 1). After conjugation
with doxorubicin, a higher weight loss was observed
(~58%), corresponding to a 16 wt. % drug loading.
Knowing the approximate number of aldehyde groups
per polymer chain (~30 groups/chain), the doxorubicin
conjugation efficiency was calculated to be ~67%.

Colloidal Stability Study of Doxorubicin Functionalized Mag-
netic Nanoparticles. Colloidal stability of the functiona-
lized nanoparticles (with and without doxorubicin) was
investigated using dynamic light scattering (Table 1)
to monitor particle size and aggregation in water.
IONP@P(HBA)-b-P(OEGA) has a number average parti-
cle size of ~90 nm, with a low dispersity (D°° 0.15).
After conjugation with doxorubicin, the stability of the
nanoparticles is slightly improved, as indicated by a
decrease in particle size to ~60 nm. IONP@P(HBA)-b-
P(OEGA) + DOX did not exhibit any aggregation or
precipitation for a period of 6 days in water or serum
(see Figure S4 in the Supporting Information). We
hypothesize that this excellent colloidal stability is
underpinned by the conjugated hydrophobic DOX
causing enhanced phase separation in the block co-
polymer structures, ensuring that the inner block
shrinks, compacting the outer P(OEGA) layer, imbuing
more resistance to serum protein interactions.
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Figure 4. Thermogravimetric analyses (TGA) performed on
IONP@P(HBA)-b-P(OEGA) with and without conjugated
doxorubicin.

The enhanced colloidal stability of doxorubicin
functionalized IONPs was also confirmed by scanning
electron microscopy (SEM) and transmission electron
microscopy (TEM) analyses (Figure 5A and B, respec-
tively) showing different sized structures when com-
pared with similar SEM and TEM measurements on
naked IONPs. After conjugation with doxorubicin,
IONP@P(HBA)-b-P(OEGA) + DOX gave smaller particle
sizes (~60 nm) than IONP@P(HBA)-b-P(OEGA) (~90 nm),
which is in good agreement with DLS results (Table 1).

pH-Mediated Doxorubicin Release from Functionalized IONPs.
The imine bond has been employed previously for
drug conjugation to allow drug release from scaffolds
or nanoparticles in acidic media.***"*? In order to com-
pare the drug release profiles at different pH, the
doxorubicin functionalized nanoparticles were incu-
bated in both pH 7 phosphate buffer and pH 5 ace-
tate buffer at 37 °C (Figure 6). pH 5 was utilized to
mimic the acidic environment in the endosomes
and lysosomes.>® Samples were taken at different time
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TABLE 1. TGA and DLS Results for IONP@P(HBA)-b-P(OEGA) Nanoparticles with and without Conjugated Doxorubicin

(Measurement Performed in Triplicate)

weight loss by TGA (%)

grafting density by TGA (nm—2)

number-weighted particle size by DLS (nm) in water

IONP@P(HBA)-b-P(OEGA) n+2
IONP@P(HBA)-b-P(OEGA) + DOX 58 +2

0.152 % 0.005 90.6 £ 9.1
0.152 £ 0.005 643 + 147

IONP@P(HBA):b-P(OEGA)

IONP@P(HBA)-b-P(OEGR) + DOX

|
P

Figure 5. SEM (A) and TEM (B) images of naked IONP and IONP@P(HBA)-b-P(OEGA) with and without doxorubicin.
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Figure 6. (A) Doxorubicin release at pH 5 (acetate buffer) and pH 7 (phosphate buffer) at 37 °C; (B) DLS number size of
IONP@P(HBA)-b-P(OEGA) + DOX versus time. The measurement was performed in triplicate using two different batches of

nanoparticles.

points, and IONPs were separated from the super-
natant by centrifugation, followed by analysis using
UV—visible and fluorescence spectroscopy to deter-
mine the released doxorubicin (via a calibration curve).
As expected, at pH 5, doxorubicin was released fas-
ter than at pH 7, following rapid hydrolysis of the
imine bonds in acidic media. About 90% release was
achieved at pH 5 after 6 days of incubation, in compar-
ison with only 50% release at pH 7. We observed some
nanoparticle aggregation after 6 days of incubation in
pH 5 buffer, while in contrast, the nanoparticles in pH 7
buffer remained stable. This increase in colloidal
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instability on DOX release is consistent with our earlier
observation and hypothesis that conjugated DOX ac-
tually increases the colloidal stability of IONPs.

MRI Contrast Agent Relaxivity Measurements. IONPs can
be employed as negative MRI contrast agents. The
magnetic properties of the polymer functionalized iron
oxide nanoparticles were investigated (Figure 7).

T, relaxation times were measured at different iron
concentrations in water using a 9.4 T magnetic reso-
nance imaging (MRI) scanner. The r, relaxivity of
IONP@P(HBA)-b-P(OEGA) was found to be signifi-
cantly higher (~386 mM~' s™') before doxorubicin

A \ 72n
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Figure 8. Flow cytometry showing increasing uptake of IONP@P(HBA)-b-P(OEGA) + DOX over a 24 h period using H1299 (left)

and MCF-7 (right) cells.

conjugation (~223 mM~" s7"). In T,-weighted scans, r,
high relaxivity and low r; relaxivity are desired.*?
Nanoparticles (with and without doxorubicin) yielded
a low r; relaxivity of 0.01 mM~' s~', ideal for negative
contrast imaging. Although the r, relaxivities of both
nanoparticles were found to be high, the absence of
doxorubicin enhanced the measured relaxivity by 40%,
which was associated with less stable IONP@P(HBA)-b-
P(OEGA). Lower r, relaxivity of IONP@P(HBA)-b-P-
(OEGA) 4 DOX was consistent with our earlier observa-
tions on colloidal stability, where an enhanced
hydrophobic inner polymer layer altered the access
of water to the iron core, attributed to the occupancy of
doxorubicin in the inner polymeric layer. Previously, a
change in transverse relaxivity was also described for
IONPs coated with different polymers. In these early
works, the authors attributed the variation of relaxivity
(r.) with water accessibility.?#*¢>*>> This significant
difference in r, relaxivity observed for the magnetic
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nanoparticles with and without conjugated doxorubi-
cin could potentially be used in theranostic applica-
tions to monitor DOX release in situ, and is visually
exemplified in the MRI contrast images shown in
Figure 7.

In Vitro Cell Accumulation by Flow Cytometry, Confocal Laser
Scanning Microscopic Microscopy, and FLIM Analysis for Mono-
layer Cells. IONP@P(HBA)-b-P(OEGA) + DOX were tested
in vitro with two different cancer cell-lines: lung (H1299)
and breast cancer (MCF-7). The fluorescent properties
of DOX can be exploited for uptake studies using flow
cytometry and fluorescence microscopy in vitro. DOX
accumulation in both lung cancer cells (H1299) and
breast cancer cells (MCF-7) was examined over time via
flow cytometry. The data shown in Figure 8 demon-
strates a rapid accumulation of DOX in the cells after
30 min incubation with the IONP@P(HBA)-b-P(OEGA) +
DOX nanoparticles as indicated by an increase in
fluorescence intensity, versus the nontreated cells by
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Figure 9. CSLM showing cellular accumulation and distribution of (A) native DOX and (B) IONP@P(HBA)-b-P(OEGA) + DOX in
H1299 cells; (C) native DOX and (D) IONP@P(HBA)-b-P(OEGA) + DOX using MCF-7 cells; after 5 h of incubation. Higher
magnifications are shown in Figure S7 in the Supporting Information).

flow cytometry. DOX accumulation continued to in-
crease over a 24 h period as indicated by an increase in
fluorescence intensity over time. (For comparison with
free DOX, see Figures S5 and S6 in the Supporting
Information).

Confocal laser scanning microscopy (CLSM) was
also used to confirm the accumulation of native (free)
DOX and IONP@P(HBA)-b-P(OEGA) + DOX by taking
advantage of the intrinsic fluorescent emission of
DOX between 565 and 630 nm (Figure 9). Both
H1299 and MCF-7 cell lines exhibited the accumulation
of native (free) DOX in the nuclei, while in contrast,
IONP@P(HBA)-b-P(OEGA) + DOX treated cells showed
accumulation in both the cytoplasm and the nuclei
(when compared to control cells after 5 h of incu-
bation). It is important that DOX accumulates in the cell
nuclei, as one of the described mechanisms of DOX
depends on its intercalation with DNA with subse-
quent inhibition of macromolecular biosynthesis.>®
The complementarity of the two methods, quantitative
flow cytometry and qualitative fluorescence, proved
to be a useful tool for the study of the cellular uptake
of DOX and IONP@P(HBA)-b-P(OEGA) + DOX in the
H1299 and MCF-7 cells.

BASUKI ET AL.

Unequivocal proof of intracellular DOX release from
the nanoparticles cannot be gleaned from conven-
tional intensity based techniques (flow cytometry
and CLSM) alone. It is not possible to distinguish be-
tween free and conjugated DOX as both forms have
similar excitation and emission profiles (Figure S8 in
the Supporting Information). To probe intracellular
release, we invoked fluorescence lifetime imaging
microscopy (FLIM), as in recent work by our group
and others, FLIM has proved to be a powerful tool
to monitor dynamic DOX release from polymeric
nanoparticles.***”’~%° The fluorescence lifetime of a
fluorophore corresponds to the average time a mole-
cule stays in its excited state before returning to
ground state. In general, the fluorescence lifetime is
critically dependent upon the physicochemical envi-
ronment that surrounds the probe.®’ FLIM provides an
intensity independent measurement, and in the con-
text of this work, FLIM can be used to monitor the
changes in DOX fluorescence lifetimes on the basis of
its microenvironment: (i) native (free) DOX in media, (ii)
DOX conjugated to IONPs in media, (iii) native DOX
released from pH-responsive IONPs in the cellular
organelles, and (iv) DOX conjugated to IONPs in the
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Figure 10. FLIM images showing cell uptake of native DOX (left) and IONP@P(HBA)-b-P(OEGA) + DOX (right) using H1299 cells
after 5 h of incubation (false color range 0—5.5 ns). Blue color corresponds to the short lifetime (~1.6 ns), while green color
corresponds to the longer lifetime (~4.6 ns) (no membrane dye was employed). The cell membrane appears as the
IONP@P(HBA)-b-P(OEGA) + DOX are absorbed on the cell surfaces. The FLIM image denotes the fluorescence lifetimes
measured at each pixel and displayed as color contrast image. The corresponding false-color lookup table represents the

lifetime distribution.

cellular organelles. FLIM is a noninvasive and concen-
tration independent technique that can monitor the
spatial variations of fluorescence lifetime within single
live cells.

The fluorescence lifetimes straight after the addition
of native (free) DOX and IONP@P(HBA)-b-P(OEGA) +
DOX in media solution containing H1299 and
MCF-7 cells were first measured using time-correlated
single photon counting (TCSPC). The concentration-
independent single exponential decay corresponding
to a lifetime of 1.0 ns for native (free) DOX is consistent
with known published lifetime values,” and an aver-
age lifetime of 4.6 ns was determined for DOX encap-
sulated within IONPs. An increase in DOX lifetime has
been previously observed for DOX encapsulated in
polymeric nanoparticles.**>”*® The fluorescence life-
times of native (free) DOX and DOX + IONP@P(HBA)-b-
P(OEGA) are substantially different, enabling differen-
tiation in solution, making FLIM ideal for monitoring in
vitro DOX release from IONPs.

FLIM was performed using native DOX in lung
H1299 and breast MCF-7 cancer live cells (at a con-
centration of 0.5 uM based on DOX) for 1, 5, and 24 h of
incubation. The lifetime of DOX increased to 1.6 ns in
the nucleus from its corresponding value in media
solution (1.0 ns). The increased lifetime of DOX in the
nucleus can be attributed to the well-accepted DOX—
DNA intercalation, inducing cellular apoptotic cell
death.®® Figure 10 shows the fluorescence lifetime
distribution of native DOX in H1299 cells after 5 h of
incubation. The bimodal lifetime distribution was ob-
served in both cell lines H1299 when treated with
IONP@P(HBA)-b-P(OEGA) + DOX. The fluorescence
lifetime distribution of DOX shows differences consis-
tent with DOX partitioned between the nucleus and
the cytoplasm. The average fluorescence lifetimes are
1.6 ns in the nucleus (attributed to DOX released from
IONPs) and 4.6 ns in the cytoplasm (attributed to the
conjugated DOX to IONP@P(HBA)-b-P(OEGA) in the
cytoplasm after endocytosis). Similar results were ob-
tained using MCF-7 cells (data not shown). The release
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of DOX from IONP@P(HBA)-b-P(OEGA) + DOX can
therefore be traced by interpreting the change in
lifetime values depending on the accumulation of
DOX in different cell compartments. FLIM allows us to
reliably distinguish and detect both native DOX and
IONP@P(HBA)-b-P(OEGA) + DOX in the same voxel
(otherwise hampered by the overlapping fluorescence
emission spectra).

In this study, we additionally used phasor plot
analysis to map the data recorded using FLIM (Figure S9
in the Supporting Information). Phasor analysis pre-
sents the fluorescence lifetime data in a graphical
form, negating the need for exponential fitting to the
fluorescence decay.®*®° Phasor plotting was originally
developed to overcome some of the drawbacks of
FLIM, such as the low photon counts per pixel, which
renders differentiation between one and two lifetimes
difficult.®® In phasor analysis of lifetime images, lifetime
data at each pixel is transformed into a phasor plot.
All single exponential lifetimes lie on the universal
circle, while multiexponential lifetimes are a linear
combination of their components (Figure S9 in the
Supporting Information). The first successful use of
phasor plot analysis to study DOX release from dextran
nanoparticles was recently reported by our group.** In
the present work, DOX was covalently attached via pH-
responsive bonds onto IONP polymer shells. As de-
monstrated in Figure 6, DOX release from IONP@
P(HBA)-b-P(OEGA) + DOX can be easily monitored in
model reactions using buffer solutions, indicating the
effect of pH on mediating the breakage of the imine
bonds. However, while indicative, the model reactions
provide no guarantee of effective intracellular bond
breakage and DOX release. This motivated us to de-
termine the fluorescence lifetime of DOX over periods
of time in live cells.

As seen in Figure 11, the longer fluorescence life-
time contribution to the phasor plot (highlighted in
red) is predominant after 1 h of DOX-IONP incubation
in H1299 cells. Over 24 h of incubation, there is a
time dependent shift to shorter fluorescence lifetimes
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(highlighted in green (5 h) and orange (24 h)) in
Figure 11. This phasor plot shift indicates that there is
an increase in the fractional contribution to fluores-
cence from released DOX over time. FLIM images for
H1299 cells demonstrate an increasing concentration
of released DOX with shorter fluorescence lifetime in
the nucleus (Figure S10 in the Supporting Information).

3D Observation of DOX and IONP@P(HBA)-b-P(OEGA) + DOX
Penetration Analysis to Cellular Spheroids. Preclinical re-
search relies heavily on two-dimensional (2D) mono-
layer cell culture; however, there is an increasing
interest in three-dimensional (3D) models.®5~%8 3D cell
culture is superior to 2D cell culture in representing the
3D network of the cell—cell and cell—environment
interactions in tumors.%®’° Multicellular tumor spher-

Incubation time

A& 1

Figure 11. Phasor plot derived from the FLIM images for
H1299 lung cancer cells at different incubation times (1, 5,
and 24 h) with IONP@P(HBA)-b-P(OEGA) + DOX. Red ROI
(region of interest) corresponds to the signal after 1 h of
incubation; green ROl and orange ROI correspond to the
signals after 5 and 24 h, respectively. Each ROI corresponds
to different lifetimes of DOX in the cells corresponding to
different amounts of DOX released from IONP@P(HBA)-b-
P(OEGA) + DOX.

A-  Z-stack images of H1299 spheroid

B- z-stack images of H1299 spheroid

oids (MCS) are one of the classic 3D culture models,
which is an in vitro culture intermediate between
monolayer culture and in vivo tumor. MCSs offer many
advantages over traditional 2D monolayer cell cultures
in the investigation of dynamics and pharmacokinetics
of chemotherapeutic drugs, as the response of cells in
3D MCS is more correlative with in vivo models than
cells grown as 2D monolayer. Several studies have
demonstrated differences in drug sensitivity between
2D and 3D cultures for chemotherapeutic drugs.”’”?
For example, breast cancer cells grown in 2D cultures
differ in cytotoxic response when grown in 3D
cultures.”® In the present study, multicellular tumors
spheroid assays based on the lung cancer cell line
H1299 and breast cancer cells MCF-7 were evaluated in
order to investigate tissue distributions and penetra-
tion depth of DOX and IONP@P(HBA)-b-P(OEGA) +
DOX. Microscopic study of living tumor spheroids at
increasing imaging depth, however, is challenging
because of the increased light scattering.”* To over-
come this problem, multiphoton excitation micro-
scopy was used providing 3D optical sectioning
without absorption above and below the plane of
focus.”® As a result of the longer excitation wavelength,
multiphoton excitation microscopy offers increased
depth penetration into living tissue (when compared
to conventional confocal microscopy).” After incuba-
tion for 17 h, with native (free) DOX or IONP@P(HBA)-b-
P(OEGA) 4 DOX (concentration of 5 uM based on DOX),
individual spheroids from MCF-7 and H1299 3D cul-
tured samples were imaged every 5 um section from
the top to bottom. The 3D images of the spheroids were
reconstructed using Imaris software (Figure 12 and

Reconstructed 3 D image

Reconstructed 3 D image

200 g

Figure 12. 3D images of H1299 spheroids after incubation (A) with native (free) DOX and (B) with IONP@P(HBA)-b-P(OEGA) +
DOX for 17 h (concentration of 5 uM based on DOX). The representative confocal images (left) were taken every 5 um section
from the top to bottom in the middle of an intact spheroid, whereas the 3D image (right) was reconstructed using Imaris software.
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Z-stack images of MCF-7 spheroid

Reconstructed 3 D image

200 pm

Reconstructed 3 D image

Figure 13. 3D images of MCF-7 spheroids after incubation with (A) native (free) DOX and (B) IONP@P(HBA)-b-P(OEGA) + DOX
for 17 h (concentration of 5 uM based on DOX). The representative confocal images (left) were taken every 5 um section from
the top to bottom in the middle of an intact spheroid, whereas the 3D image (right) was reconstructed using Imaris software.
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Figure 14. Fluorescence intensity distribution along a horizontal line across the optical section of the equatorial plane of
H1299 spheroids after incubation with (A) free DOX and (B) IONP@P(HBA)-b-P(OEGA) + DOX for 17 h (concentration of 5 uM

based on DOX).

Figure 13). Interestingly, IONP@P(HBA)-b-P(OEGA) +
DOX clearly penetrated deeper in the 3D spheroid
when compared to native DOX for both cancer cell
lines (after 17 h incubation).

Figure 14 (data not shown for MCF-7) shows the
equatorial sections of H1299 MCS loaded with DOX
and IONP@P(HBA)-b-P(OEGA) + DOX incubated for
17 h. The fluorescence intensity decreased from the
rim of the equatorial section to the center, indicating
limited penetration of native DOX. The fluorescence
distribution along the horizontal line across the equa-
torial section shows that the fluorescence intensity of
the central part is negligible when compared to that of
the periphery. The fluorescence distribution histogram
shows DOX accumulation in the peripheral rim of
thickness 40 um. However, it is noteworthy that
IONP@P(HBA)-b-P(OEGA) + DOX can fully penetrate
into the MCS for both cell lines after incubation with
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5 uM DOX equivalent for 17 h as indicated by the
homogeneous DOX staining of tissue. This discrepancy
of penetration can be attributed to the different trans-
port pathways of free DOX and IONP@P(HBA)-b-P-
(OEGA) + DOX. The internalization of IONPs into the
spheroids could be influenced by transferrin, a mole-
cule involved in iron transport. The penetration me-
chanism, however, is still unclear and is ongoing
research in our group.

The toxicities of IONP@P(HBA)-b-P(OEGA) and
IONP@P(HBA)-b-P(OEGA) + DOX and native DOX were
assessed against the lung cancer cell line H1299, breast
cancer cell line MCF-7, and normal lung fibroblasts
MRC5 (Figures S11, S12, and S13 in the Supporting
Information). First, IONPs and IONP@P(HBA)-b-P(OEGA)
were nontoxic at all concentrations examined in
this study after 72 h (data not shown); thus, any
future influence on cell viability from DOX loaded
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TABLE 2. Comparison of ICs, (#M) Values for Doxorubicin
and Doxorubicin Loaded IONPs in MRC5 Normal
Fibroblast Cells, MCF-7 Breast Cancer Cells, and H1299
Lung Cancer Cells, n =3

ICso (M)
cell line free DOX I0NP@P(HBA)-b-P(OEGA) -+ DOX
MRC-5 0.174 4 0.028 0.233 4 0.033
MCF-7 0.069 = 0.015 0.038 - 0.008
H1299 0.121 £ 0.016 0.079 + 0.012

nanoparticles cannot be attributed to the toxicity of
polymers or IONPs. It is noted that IONP@P(HBA)-b-
P(OEGA) + DOX exhibited certain cytotoxicity for all
three tested cell lines. The normal MRC5 cells were less
susceptible than the H1299 and MCF-7 cells to both
native and conjugated DOX. Therefore, 1Csq values of
IONP@P(HBA)-b-P(OEGA) + DOX for the MRC5 were ~3
fold higher than those for H1299 cells and ~6 fold for
MCF-7 cells (Table 2). Interestingly, IONP@P(HBA)-b-P-
(OEGA) + DOX present an enhanced toxicity (lower in
ICs0) than native DOX for both cancerous cell lines
providing the potential application of IONPs as an
efficient drug delivery vehicle. In summary, our studies
have demonstrated that DOX loaded IONPs are taken
up and can effectively deliver their drug load to H1299
and MCF-7 cell nuclei (demonstrated by FLIM and
CLSM), resulting high cytotoxicities in lung and breast
cancer cell lines.

EXPERIMENTAL SECTION

Materials and methods are described in the Supporting
Information
Synthetic Procedures. Synthesis of Magnetite Nanoparticles
(IONP). 40 mL of 2 M FeCls-6H,0 (0.08 mol, 21.6 g) in 1 M HCI
and 20 mL of 2 M FeCl,-4H,0 (0.04 mol, 9.3 g) in 1 M HCl were
mixed, and the mixture was diluted to 0.6 L with deionized
water. 125 mL of N, prepurged 28% NH,OH solution was then
slowly added into the solution of iron chloride, and the mixture
was vigorously stirred for 30 min. The formation of a black pre-
cipitate of magnetite was immediately observed, and the pre-
cipitate was then collected under a magnetic field. The magnetic
nanoparticles were extensively washed with deionized water to
remove unreacted materials and impurities. An aqueous disper-
sion of magnetite (about 15 mg/mL of Fe30,) was prepared by sonica-
tion of the magnetite nanoparticles in water at pH 5.5. The dispersion
was sonicated for 15 min at 25 W with a sonicator 3000 Misonix.
Synthesis of RAFT Agent 1Step 1. 3.9 mL (2.83 g, 0.028 mol) of
triethylamine was added to a 45 mL solution of dimethyl(2-
hydroxyethyl) phosphonate in anhydrous dichloromethane
(4 g, 0.026 mol). After 15 min of stirring, 2-bromopropionyl
bromide (2.9 mL, 0.028 mol) was added slowly to the reaction
mixture at 0 °C, and the reaction was stirred at room tempera-
ture overnight; then, the white precipitate was filtered off, and
the clear filtrate was extracted with (2 x 200 mL) saturated
sodium bicarbonate in water, followed by (1 x 200 mL) water.
The solution was then dried over anhydrous MgSO,. Dimethyl
2-(2-bromopropionyloxy)ethyl) phosphonate was obtained as
an oil-like product after filtration and solvent evaporation: 'H
NMR (300 MHz) in CDCl; 6 1.69 (d, 3H), 2.03—2.14 (dt, 2H),
3.01-3.08 (m, 1H), 3.63 (d, 6H), 4.22—4.27 (dt, 2H); *'P NMR
(300 MHz) in CDCl3 6 29.1 ppm.Step 2. Initially, 2.85 mL of
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CONCLUSIONS

In this study, we have demonstrated the function-
alization of IONPs using P(HBA)-b-P(OEGA) block co-
polymers via a grafting “onto” approach. Aldehyde
groups were exploited to conjugate DOX via imine/
Schiff base pH-responsive reversible bonds. The
IONP@P(HBA)-b-P(OEGA) + DOX nanoparticles exhib-
ited excellent colloidal stability in different media,
including fetal calf serum. Flow cytometry and con-
focal microscopy both confirmed nanoparticle accu-
mulation in lung and breast cancer cell lines. Addi-
tionally, nanoparticle accumulation and subsequent,
pH dependent intracellular release of DOX was proven
using FLIM with phasor plot analysis. Furthermore the
FLIM data furnished information on the kinetic of DOX
accumulation in the cell nuclei, in accord with confocal
microscopy images. Importantly, for future potential
theranostic applications, the release of DOX signifi-
cantly enhanced the proton transverse relaxivity of the
IONPs showing proven contrast differences in MRI. The
cell uptake in 3D spheroids was also investigated for
both cancer cell lines. The nanoparticle-transported
DOX, IONP@P(HBA)-b-P(OEGA) + DOX, showed en-
hanced penetration into the 3D multicellular spheroids
when compared to native DOX. Finally, toxicity studies
show that DOX loaded into IONPs show enhanced
toxicity over native DOX in lung and breast cancer cell
lines.

n-butylthiol (0.026 mol, 2.3 g) was dissolved in 30 mL of
dichloromethane. Then 7.1 mL of triethylamine (0.051 mol,
5.2 g) was added slowly at 0 °C, followed by 1.5 mL of carbon
disulfide (0.026 mol, 1.95 g). The solution was stirred at room
temperature for 2 h to yield an orange precipitate. Without
purification, 7.4 g of dimethyl 2-(2-bromopropionyloxy)ethyl)
phosphonate (0.013 mol) was dissolved in 10 mL of methylene
chloride and added subsequently to the solution of n-butyl
trithiocarbonate salt. The reaction mixture was stirred at room
temperature for 20 h. The mixture was washed with water (2 x
200 mL) and extracted with dichloromethane (2 x 200 mL).
After drying over anhydrous MgSO, the solvent from the or-
ganic phase was removed under a vacuum. The residue
was subjected to a silica flash chromatography using 1:1
ethyl acetate/n-hexane to provide 8.15 g of yellowish oil of
product, 2-(n-butyltrithiocarbonate)-propionic acid 2-(dimeth-
oxyphosphonyl)-ethyl ester (total yield 85%): "HNMR (300 MHz)
in CDCl3 0 0.88 (t, 3H), 1.36 (m, 2H), 1.53 (d, 3H), 1.63 (m, 2H),
2.08—2.2(dt, 2H), 3.3 (t, 2H), 3.69 (d, 6H), 4.26—4.35 (dlt, 2H); >'P NMR
(300 MH2) in CDCl3 ¢ 29.2 ppm.Step 3. 2-(n-Butyltrithiocarbonate)-
propionic acid 2-(dimethoxyphosphonyl)-ethyl ester (3 g,
0.008 mol) was dissolved in 23 mL of anhydrous methylene
chloride. Subsequently, 4.2 mL (0.04 mol, 6.1 g) of bromotrimethyl-
silane was added dropwise, and the mixture was stirred at room
temperature for 3 h. The solvent and volatile residues were removed
then by evaporation, and the silylated intermediate was cleaved by
adding a large excess of methanol (24 mL). The mixture was stirred
at room temperature for another 2 h, followed by solvent evapora-
tion to provide yellowish oil. The crude RAFT agent was dissolved
in diethyl ether (50 mL) and was washed with water (2 x 20 mL).
After drying over anhydrous MgSO,, the solvent from the or-
ganic phase was removed under a vacuum. This crude RAFT
agent 1 was purified through a silica flash column chromatography
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using ethyl acetate, which resulted in 0.9 g of product,
2-(n-butyltrithiocarbonate)-propionic acid 2-ethyl phosphonic
acid, in a form of a yellow oil (total yield 33%): "H NMR (300 MHz)
in DMSO-ds 6 0.88 (t, 3H, SCH,CH,CH,CHs), 1.36 (m, 2H, SCH,-
CH,CH,CH3), 1.53 (d, 3H, SCH(CH5)COO0), 1.63 (m, 2H, SCH,CH,-
CH,CHs), 19-1.94 (m, 2H, P(OH),CH,CH,0)), 3.38 (t, 2H,
SCH,CH,CH,CH3), 4.22 (t, 2H, P(OH),CH,CH,0)), 4.68—4.75 (m,
SCH(CH5)COO); "*C NMR (300 MHz) in CDCl; 6 171.8 (SCH-
(CH5)COO0), 59.4 (P(OH),CH,CH,0), 52.9 (SCH(CH5)COO), 47.8
(SCH,CH,CH,CH3) 37.1 (P(OH),CH,CH,0), 29.9 (SCH,CH,CH,-
CHjs), 22 (SCH,CH,CH,CH3), 17 (SCH(CH3)COO0), 13.6 (SCH,CH,-
CH,CHs); *'P NMR (300 MHz) in DMSO-ds (proton decoupled) &
20.1 ppm; HRMS (ESI) m/z calculated for C;oH1605PS3 + Na™ [M +
Na]* 369.000, found 369.023.

Synthesis of Monomer HBA (4-O-Acryloyl benzaldehyde). 12.5 mL
(9.1 g,0.09 mol) of triethylamine was added to a 120 mL solution
of anhydrous dichloromethane containing 10 g (0.082 mol)
of 4-hydroxy benzaldehyde. After 15 min of stirring, 7.8 g (0.086
mol) of acryloyl chloride was added slowly to the reaction
mixture at 0 °C, and the reaction was held at room temperature
overnight; then, the white precipitate was filtered off, and the
clear filtrate was extracted with (2 x 200 mL) saturated sodium
bicarbonate in water, followed by (1 x 200 mL) water. The
solution was then dried over anhydrous MgSO,. 4-O-acryloyl
benzaldehyde was obtained as white solid product after solvent
evaporation (yield 86%): "H NMR (300 MHz) in CDCl3 6 6.03 (d,
1H, CH,=CHCOO0), 6.30 (dd, 1H, CH,=CHCOO), 6.60 (d, TH,
CH,=CHCOO0), 7.28 (d, 2H, OC¢H,CHO), 7.8 (d, 2H, OCgH,CHO),
9.95 (s, 1H, OCsH,CHO); '*C NMR (300 MHz) in CDCl; & 1223
(OCgH4CHO), 127.4 (CH,=CHCOO), 131.2 and 133.5 (OCsH4CHO),
134 (CH,=CHCOO), 155.3 (OCgH4CHO), 163.8 (CH,=CHCOO),
190.9 (OC¢H,CHO).

Synthesis of P(HBA). RAFT agent 1 (24.6 mg, 0.071 mmol),
AIBN (2.3 mg, 0.014 mmol) and 4-O-acryloyl benzaldehyde or
HBA (0.5 g, 2.84 mmol) were dissolved in dioxane (5 mL) in septa
sealed vials. The vials were placed in an ice bath, and the
solutions were purged with nitrogen for 30 min. The ratio
between the monomer, RAFT agent 1 and AIBN in the poly-
merization medium [Monomer]y[RAFT]q:[Initiator], was 40:1.0:0.1.
After deoxygenation, the reaction mixture was then placed inan
oil bath at 70 °C. After 8 h of reaction, the reaction was
quenched via rapid cooling and exposure to oxygen. The
reaction was directly analyzed by 'H NMR and DMAc GPC to
determine the monomer conversion and the molecular weight.
The polymer was concentrated by partial evaporation of sol-
vent, and the polymer was precipitated in 1:1 diethyl ether/
n-hexane three times to remove the nonreacted monomer and
RAFT agent. The purified polymer was then dried under a
vacuum overnight to give 0.38 g of a yellow-white solid. On
the basis of HBA conversion of 75%, the yield of the polymer was
calculated as 99%. The purified product was further character-
ized by "H NMR, *'P NMR, and DMAc GPC.

Synthesis of P(HBA)-b-P(OEGA). The P(HBA), previously ob-
tained, was used as a macroRAFT agent (0.2 g, M,, ~ 5000 g/mol
(based on "H NMR), i.e., 0.04 mmol of polymer) in the presence
of oligoethylene glycol acrylate or OEGA monomers (1.15 g, M,,
~ 480 g/mol, 2.4 mmol). AIBN (1 mg, 0.006 mmol) as initiator
was added to the solution of 2.5 mL of anhydrous acetonitrile,
which was then purged with nitrogen for 30 min. The ratio
between the monomer, macroRAFT agent P(HBA), and the ini-
tiator in the polymerization medium [Monomer]g{macroRAFT]q:-
[Initiator] was 60:1.0:0.15. Polymer chain extension was carried out
at 60 °Covernight (20 h). At the end of polymerization, the polymers
were precipitated in a cold 1:1 mixture of diethyl ether and n-hexane
(3 times) and then, dialyzed using MWCO = 12000 Da. in acetone.
On the basis of OEGA conversion of 83%, the yield of the polymer
was calculated as 86%. The purified polymer was then dried under a
vacuum overnight to give 1 g of a yellowish gel-like solid. The
resultant block copolymer was characterized by DMAc GPC, FTIR, H
NMR, and *'P NMR.

Nanoparticle Functionalization Procedures. Grafting of P(HBA)-b-
P(OEGA) onto Magnetite Nanoparticles: |IONP@P(HBA)-b-P-
(OEGA). Iron oxide nanoparticles IONP (10 mg), were dispersed
in water (1 mL). 0.2 g of P(4HBA)-b-P(OEGA), (Mn.omac Gpc =
27300 g/mol, PDI = 1.38) was dissolved in methanol (4 mL).
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An aqueous dispersion of iron oxide nanoparticles was diluted
with methanol (5 mL), and the solution of block copolymer was
added slowly to the IONP dispersion. The resulting dispersion
was sonicated for 15 min (power = 25 W), followed by incuba-
tion in a shaker overnight at 50 °C. The mixture was filtered to
remove any unstabilized particles and centrifuged (using an
Eppendorf Centrifuge 5804) for 30 min (14 000 rpm/min). The
functionalized iron oxide nanoparticles were isolated at the
base of the centrifuge tube. The supernatant was removed, and
the particles were redispersed in methanol using sonication for
10 min. This washing process was repeated twice. The resultant
functionalized iron oxide nanoparticles IONP@P(HBA)-b-P-
(OEGA) were dried and subsequently redispersed in DMSO
(around 4 mg/mL of functionalized IONP) by using the sonicator
for 20 min (P = 20 W). Material characterization was carried out
using TGA, XPS, TEM, and DLS.

Conjugation of Doxorubicin with IONP@P(HBA)-b-P(OEGA). 1.5
mg (0.00276 mmol) of doxorubicin HCI (9 mg as doxorubicin HCI
in lactose matrix) was dissolved in 1 mL of DMSO. 3.75 uL of
triethylamine (0.0267 mmol) was added to the solution of
doxorubicin. The solution was stirred for 15 min and then added
to 0.5 mL of IONP@P(HBA)-b-P(OEGA). The mixture was incu-
bated at room temperature overnight and then dialyzed using
cellulose membrane with MWCO 12000 Da in water. After
dialysis, the dispersion of doxorubicin functionalized magnetic
nanoparticles IONP@P(HBA)-b-P(OEGA) + DOX was stored in
the refrigerator. The nanoparticles were characterized by TGA,
UV—vis, fluorescence spectroscopy, DLS, and XPS.

Doxorubicin Release Study in pH 5 and 7 Buffer from IONP@
P(HBA)-b-P(OEGA) + DOX. 0.25 mL of the IONP@P(HBA)-b-P-
(OEGA) + DOX was added to 10 mL of pH 5 acetate buffer
(simulating the pH conditions of endosomes and lysosomes)
and pH 7 phosphate buffer solution. The mixture was shaken in
the incubator at 37 °C up to 6 days. At defined time points,
samples (1 mL) were taken and centrifuged through a mem-
brane (MWCO 3000 Da). The supernatant was collected in the
centrifugal membrane tube and analyzed by fluorescence
spectroscopy to determine the concentration of released dox-
orubicin (excitation 470 nm). The volume was kept constant
during the experiments. The experiments were carried out in
triplicate. The results are presented as an average (standard
deviation was calculated using origin).

Biological Assay of IONP@P(HBA)-b-P(OEGA) + DOX (DOX-IONPs). Cell
Culture Assays. The human lung cancer cells H1299, human
breast cancer cells MCF-7, and normal fetal lung fibroblasts
MRC5 were grown in Dulbecco's Modified Eagle's Medium:
Nutrient Mix F-12 (DMEM) supplemented with 10% (v/v) Fetal
Calf Serum (FCS) in a ventilated tissue culture flask T-75. The cells
were incubated at 37 °C in a 5% CO, humidified atmosphere and
passaged every 2—3 days when monolayers at around 80%
confluence were formed. Cell density was determined by counting
the number of viable cells using a trypan blue dye (Sigma-Aldrich)
exclusion test. For passaging and plating, cells were detached
using 0.05% trypsin-EDTA (Invitrogen), stained using trypan blue
dye, and loaded on the hemocytometer.

Cell Viability Assays. The cytotoxicity of native DOX and
IONP@P(HBA)-b-P(OEGA) + DOX was tested in vitro by a
standard Alamar Blue Assay. The assay is based on the ability
of living cells to convert blue redox dye (resazurin) into bright
red resorufin, which can be read in a spectrophotometric read-
er. Nonviable cells rapidly lose metabolic capacity and thus
do not generate a color signal. Thus, the intensity of the color
is proportional to the cell viability. The cells were seeded at
2000 cells/well for H1299 and MCF-7 and 5000 cells/well for
MRCS5 in 96 well tissue culture plates and incubated for 24 h. The
different seeded cell numbers of MRC5 and MCF-7 was dictated
by their relative proliferation rates, giving optimal cell densities.
We followed the method described in the literature.”® The
medium was then replaced with fresh medium containing
native DOX and IONP@P(HBA)-b-P(OEGA) + DOX over an
equivalent DOX concentration range of 0.001—10 uM. At 72 h
post-drug/nanoparticles incubation, treatments were removed,
and fresh media was added (100 uL), followed by the addition of
Alamar Blue dye (20 ul) to each well. The cells were then
incubated for 6 h. Cell viability was determined as a percentage
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of untreated control cells, and ICs values were determined by
nonlinear regression analyses using Graphpad Prism 6 software.

In Vitro Cell Accumulation by Flow Cytometry and Confocal
Laser Scanning Microscopic Analysis of Monolayer Cells. IONP@
P(HBA)-b-P(OEGA) + DOX cell uptake was measured by flow cy-
tometry; H1299 and MCF-7 cells were seeded at a density of 1 x
10° cells/well in 6-well tissue culture plates. The cells were left to
grow for 24 h in DMEM media containing 10% FBS at 37 °Ciin 5%
CO, atmosphere. After 24 h, IONP@P(HBA)-b-P(OEGA) + DOX
were added to the wells (concentration of 0.125 M based on
DOX) and the cells were incubated for 30 min, 1 h, 3 h, and 24 h.
Following particle incubation, cells were rinsed twice with PBS to
remove residual extracellular nanoparticles. Cells were harvested
by trypsinization and resuspended in 500 uL of PBS for flow
cytometry analysis using the FACS Calibur flow cytometer (BD
Biosciences). Data shown are the mean fluorescent signal for
10000 cells. Cells that were not treated with nanoparticle solu-
tions were used as a control. Data was analyzed using the FlowJo
software.

Confocal laser scanning microscopy (CLSM) was also used to
study the accumulation of native DOX and IONP@P(HBA)-b-
P(OEGA) + DOX dynamics in 2D monolayer cultures of living
H1299 and MCF-7 cells. For this purpose, H1299 and MCF-7 cells
(5000 cells/dish) were plated in 35 mm cultured dishes, which
were precoated with poly-p-lysine hydrobromide for 10 min and
left to grow for 3 days. CLSM images of cells were obtained
using confocal microscopy (Leica TCS SP5 IlI) with a 60x 1.4NA
oil immersion objective. The microscope stage was enclosed in
an environmental chamber allowing for control of temperature,
humidity, and atmospheric conditions for live-cell microscopy.
The 488-nm line from an argon ion laser was used for excitation,
and emission was collected between 565 and 630 nm.

Fluorescence Lifetime Imaging Microscopy (FLIM). For FLIM
analysis, H1299 and MCF-7 cells were seeded into sterilized 3 cm
glass bottom dishes (Mat-Tek) (100000 cells/well). After 48 h
seeding, the medium was replaced with fresh medium contain-
ing either native DOX or IONP@P(HBA)-b-P(OEGA) + DOX
(0.5 uM equivalent DOX concentration), and cells were incu-
bated at 37 °C for 3, 5, and 24 h. Lifetime images were recorded
using 60x, 1.2 NA water-immersion objective (Olympus).

Fluorescence lifetime imaging (FLIM) was performed on a
Picoquant Microtime200 inverted confocal microscope. Excita-
tion was via a fiber-coupled, pulsed laser diode operating at
470 nm (40 MHz) with a pulse width below 200 ps. The emission
was collected using a 550 nm long-pass filter and a single-
photon avalanche diode (SPAD) (PDM, MicroPhoton Devices)
connected to time-correlated single-photon counting (TCSPC)
electronics (Picoharp300, Picoquant). Fluorescein was used to
calibrate the phasor plot to a monoexponential lifetime of 4 ns.

The data was acquired and analyzed using SymphoTime
software (Picoquant). Phasor analysis of FLIM data was per-
formed using SimFCS software developed at the Laboratory for
Fluorescence Dynamics, University of California at Irvine.

Generation of Multicellular Tumor Spheroids. Lung cancer
cell line H1299 and breast cancer cell line MCF-7 cellular
spheroids were generated using the liquid overlay method.””
Briefly, cells were grown in Dulbecco's Modified Eagle's Medi-
um: Nutrient Mix F-12 (DMEM) supplemented with 10% (v/v)
Fetal Calf Serum (FCS) in a ventilated tissue culture flask T-75.
The cells were incubated at 37 °C in a 5% CO, humidified
atmosphere. When the cells reached approximately 80% con-
fluence, they were harvested by trypsinization and resus-
pended in DMEM supplemented with 10% (v/v) FCS. Single-
cell suspension was seeded to flat-bottom standard 96-well
plates. The flat-bottom standard 96-well plates were previously
coated with 60 uL of a sterile 1.5% (wt/vol) solution of agarose in
DMEM to generate a nonadherent surface. To generate multi-
cellular spheroids, 5000 cells suspended in 100 uL of culture
media were added into each agarose-coated well, and the
plates were left for 72 h in a 37 °C humidified incubator with
5% CO, until spheroids formed. For subsequent drug treat-
ments and imaging procedures, spheroids were carefully trans-
ferred from 96-well plates to fluorodish cell culture dishes.
Spheroids with an average diameter of ~400 um after 3 days
growth were used for nanoparticle penetration experiments.

T; and T, Relaxivity Measurement of IONP@P(HBA)-b-P-
(OEGA). A 94 T Bruker Biospin 94/20 USR equipped with a
Transceiver RES 'H 72 mm Quad RF coil was used for T; and T,
relaxometry measurements. A dilution series for each sample
(500 uL) was prepared in water or fetal calf serum, and measure-
ments were performed at 20 °C. T,-weighted images were
acquired using a multi-slice-multi-echo (MSME) sequence with
TR = 4000 ms and 32 echoes with echo spacing 10.686 ms,
FOV =5 x 5cm, matrix size = 256 x 256, scan time = 12 min, and
slice thickness 1 mm. A rapid acquisition rapid echo with
variable repetition time (RARE-VTR) sequence was used to
acquire T;-weighted images, with TR = 88, 470, 922, 1474,
2183, 3176, 4869, and 15000 ms, TE = 8.074 ms, FOV =5 X
5 cm, matrix size = 128 x 128, RARE factor 2, scan time = 24 min
and slice thickness 1 mm. The net magnetizations for each
sample were determined from the manually drawn regions of
interest (ROIs). The T; relaxation times were determined by
fitting a monoexponential association equation and the T,
relaxation times by fitting a monoexponential decay equation
using Paravision 5 (Bruker). The T; and T, relaxivity was then
calculated as slope from a plot of the inverse of the relaxation
times (R;, i = 1,2) versus iron concentration in water. The iron
concentrations were determined by Inductively Coupled Plas-
ma—Optical Emission Spectroscopy (ICP-OES) using a Perkin-
Elmer Optima 7300 ICP-OES spectrometer. The nanoparticles
were digested overnight in highly concentrated hydrochloric
acid (32%), followed by dilution in water.

DOX Penetration Analysis of Cellular Spheroids Using Multi-
photon Microscopy. Multiphoton microscopy was employed to
visualize the penetration of native DOX and IONP@P(HBA)-b-
P(OEGA) + DOX into multicellular spheroids. After being ex-
posed to native DOX and IONP@P(HBA)-b-P(OEGA) + DOX (5 uM
equivalent DOX concentration) for 17 h, H1299 and MCF-7
multicellular spheroids on the third day to trace the penetration
of DOX. Images of the spheroids were collected using a Leica
TCS SP5 1I, MP FCS inverted microscope, equipped with tunable
Mai Tai Deep See multiphoton laser (Spectra-Physics, 80 MHz,
120 fs pulse) and a 20 x water immersion objective. The
doxorubicin was excited using a laser with a wavelength at
488 nm, and the resulting emission was collected in NDDs.
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