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Abstract

Purpose The development of two novel pH-only and pH- and thermo-responsive theranostic nanoparticle (NP) formula-
tions to deliver an anticancer drug and track the accumulation and therapeutic efficacy of the formulations through inherent
fluorescence.

Methods A pH-responsive formulation was synthesized from biodegradable photoluminescent polymer (BPLP) and sodium
bicarbonate (SBC) via an emulsion technique, while a thermoresponsive BPLP copolymer (TFP) and SBC were used to
synthesize a dual-stimuli responsive formulation via free radical co-polymerization. Cisplatin was employed as a model
drug and encapsulated during synthesis. Size, surface charge, morphology, pH-dependent fluorescence, lower critical solu-
tion temperature (LCST; TFP NPs only), cytocompatibility and in vitro uptake, drug release kinetics and anticancer efficacy
were assessed.

Results While all BPLP-SBC and TFP-SBC combinations produced spherical nanoparticles of a size between 200-300 nm,
optimal polymer-SBC ratios were selected for further study. Of these, the optimal BPLP-SBC formulation was found to be
cytocompatible against primary Type-1 alveolar epithelial cells (AT1) up to 100 pg/mL, and demonstrated sustained drug
release over 14 days, dose-dependent uptake, and marked pH-dependent A549 cancer cell killing (72 vs. 24% cell viability,
at pH 7.4 vs. 6.0). The optimal TFP-SBC formulation showed excellent cytocompatibility against AT1 cells up to 500 pg/
mL, sustained release characteristics, dose-dependent uptake, pH-dependent (78% at pH 7.4 vs. 64% at pH 6.0 at 37°C) and
marked temperature-dependent A549 cancer cell killing (64% at 37°C vs. 37% viability at pH 6.0, 41°C).

Conclusions In all, both formulations hold promise as inherently fluorescent, stimuli-responsive theranostic platforms for
passively targeted anti-cancer therapy.
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Cancer remains a major challenge in the field of medicine,
particularly in developed nations. In the United States, all-
cancer mortality was the second-leading cause of death,
accounting for approximately 599,000 deaths in 2020, sec-
ond only to cardiovascular disease (1). In clinical practice,
chemotherapy remains one of the most common treatments
to combat cancer, although acute toxicity (2), patient dis-
comfort (2, 3), incomplete remission, development of multi-
drug resistance (MDR) (4) and other drawbacks continue to
plague these drugs. The development of stimuli-responsive
drug delivery systems is one of a number of strategies that
maximize chemotherapeutic efficacy while minimizing off-
target effects. These systems can release their contents in
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response to changes in environmental stimuli- in this case,
those observed within the tumor microenvironment.

The phenomenon of acidic tumor pH is one that has been
well-characterized through the past decades. Driven primar-
ily by the Warburg effect and tumor core hypoxia (both lead-
ing to excess lactic acid production) (5), the (extracellular)
tumor microenvironment usually has a pH ranging between
5.5 and 7.4 (6). Numerous studies have taken advantage of
the acidic tumor microenvironment to develop pH-depend-
ent drug release or cell-targeting strategies for more effec-
tive treatment. Zhao et al. reported the development of pH-
responsive polyethylene glycol-poly(lactide-co-glycolide)
(PEG-PLGA) micelles using a tumor-specific pH-responsive
peptide to effectively deliver paclitaxel to cancer cells and
associated endothelial cells (7). These responsive polymeric
micelles also showed in vivo anti-tumor activity against
MCF-7 tumor-bearing mice. Kim et al. utilized biotin-based
pH-responsive polymeric micelles to deliver doxorubicin to
MCEF-7 cells in vitro (8). They demonstrated the ability of
biotinylated methoxypoly(ethylene glycol)-grafted-poly(f-
amino ester) micelles to release significantly higher levels
of doxorubicin than their non-biotinylated counterparts at
acidic pHs. Work by Palanikumar et al. outlined an inter-
esting method by which the acidic tumor microenviron-
ment was exploited for enhanced uptake rather than trig-
gered release (9). PLGA-based nanoparticles grafted with
the acidity-triggered rational membrane (ATRAM) peptide
were shown to be highly selective towards tumor regions
and cancer cells in an acidic environment, with the abil-
ity to enter tumor cells in acidic environments relative to
those at a neutral pH. These pH-responsive nanoparticle
(NP) drug delivery platforms—whether triggered-release or
direct targeting—could today be regarded as fundamental in
cancer nanomedicine, on par with the nanoparticle size con-
straints demanded by the enhanced permeability and reten-
tion effects, a cornerstone of the field (10-12).

Theranostic nanoparticles are another development in the
broader field of nanomedicine that has the potential to become
a mainstay in cancer treatment. Imaging-enabled, drug-loaded
nanoparticles have garnered attention in recent years as their
accumulation within tumors can be tracked in real-time while
providing localized treatment, all through a single platform
(13). This approach requires the co-encapsulation of an imag-
ing/contrast agent alongside a therapeutic one such that the
accumulation of both at a target site serves as a measure of the
platform’s own efficacy. Fluorescent dyes, quantum dots (QDs),
and superparamagnetic iron oxide nanoparticles (SPIONs) have
been used in imaging-enabled nanoparticle systems due to such
advantages as broad absorption spectra, high photostability, long
luminescent lifetime, compatibility with magnetic guided imag-
ing, or even the ability to deploy targeted hyperthermia (14, 15).
However, both image-enabled QDs and SPIONs are known to
exhibit notable off-target cellular injury via DNA damage and
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oxidative stress (16-18), while fluorescent dyes suffer in vivo
from poor bioavailability due to rapid clearance and/or poor sol-
ubility (limiting the window for imaging) and poor fluorescence
quantum yield (resulting in poor contrast) (19). Furthermore,
the incorporation of multiple components (i.e., imaging agents
and therapeutic agents) within a single nanoparticle formulation
leads to an increase in their hydrodynamic diameter, which can
negatively impact their circulation half-life, as the rate of circula-
tory clearance has been observed to have a proportional relation-
ship to the particle size (20). The development of nanoparticles
using inherently fluorescent polymers has therefore become an
attractive alternative in the field of theranostics.

This work describes the development of two types of stim-
uli-responsive photoluminescent nanoparticle systems for can-
cer treatment. One is a pH-responsive system utilizing a novel
biodegradable photoluminescent polymer (BPLP) with sodium
bicarbonate (SBC) called BPLP-SBC NPs, and the other
comprises water-soluble BPLP, poly N-isopropylacrylamide
(PNIPAm) and SBC to form a temperature- and pH-respon-
sive system named TFP-SBC (thermoresponsive fluorescent
particles-SBC) NPs. Both formulations (sans SBC) have pre-
viously been shown by us to be safe both in vitro and in vivo
(21-23). Both nanoparticles (NPs) encapsulate the model drug
cisplatin (cis), a platinum-containing anticancer drug that has
been used as a first-line treatment for many types of cancers
(24). BPLP itself is a relatively novel breakthrough in poly-
mer synthesis by our group, possessing outstanding qualities
suitable for tissue engineering applications, including excellent
biocompatibility, biodegradability, high fluorescence yield, and
photostability (21, 25). It has a demonstrated history of use in
imaging-enabled, cancer-targeting nanoparticle applications
to improve diagnostic accuracy without the need for organic
dyes or quantum dots (23, 26, 27). PNIPAm is a well-known
temperature-responsive polymer used extensively in drug deliv-
ery (28-30), while sodium bicarbonate (SBC, NaHCO;) func-
tions as a porogen in acidic environments by virtue of its rapid
decomposition into CO, and water (31). The rapid release of
CO, disrupts the polymeric shell of the NPs to facilitate the
release of an encapsulated agent (31). Thus, the inclusion of
SBC is a novel addition to extant BPLP-based technologies
previously described in the literature and lends an additional
layer of responsivity to the photo- and thermoresponsive poly-
mers utilized. The fluorescent, stimuli-responsive nanoparticle
systems developed herein are therefore presented as potential
theranostics for cancer diagnosis and treatment.

Material and Methods
Materials

Biodegradable photoluminescent polymer (BPLP; 1200 Da)
was synthesized following the protocol set out previously
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(21). All chemicals were purchased from Sigma-Aldrich (St.
Louis, MO) and used without modification unless specified.
Cisplatin (Cayman Chemical, Ann Arbor, MI) and dialysis
membrane (MWCO 1000 Da; Spectrum Labs, New Brun-
swick, NJ) were purchased and used as received. All cul-
tured cell lines were obtained from the American Type Cul-
ture Collection (ATCC, Manassas, VA). Cell culture media
and supplementary materials trypsin-EDTA, fetal bovine
serum (FBS), and penicillin-streptomycin were purchased
from Invitrogen Corp. (Carlsbad, CA).

Preparation of BPLP-SBC NPs

BPLP-SBC NPs were synthesized via a water-in-oil-in-water
double emulsion, solvent-evaporation method (summarized
on the right in Fig. 1). The first water phase was prepared
by dissolving SBC in 1 mL de-ionized water. 10 mg of SBC
was used for the synthesis of BPLP-(0.1)SBC particles,
while 30 mg of SBC was used in BPLP-(0.3)SBC particle
synthesis. Meanwhile, 120 mg of BPLP-Serine (BPLP-Ser)

was dissolved in 2 mL of 1,4-dioxane to establish the oil
phase. The SBC solution was added dropwise into the BPLP
solution while stirring at 400 rpm to form the primary emul-
sion. The resulting mixture was sonicated using an ultrasonic
processor (Misonix Sonicators, Newtown, CT) at 30 W for
5 min and added to 25 mL of de-ionized (DI) water contain-
ing 400 mg of dissolved sodium dodecyl sulfate (SDS). This
emulsion was sonicated at 30 W for 12 min in an ice bath to
form the double emulsion. The resultant suspension was kept
stirring for 6 h at room temperature (RT) to allow 1,4-diox-
ane evaporation. The BPLP-SBC emulsion was filtered using
a 0.45 pm syringe filter (Fisher Sci, Fair Lawn, NJ) and
dialyzed for 3 h using a 3500 Da (Da) molecular weight cut-
off MWCO) dialysis membrane. BPLP-SBC particles were
finally obtained via lyophilization.

Preparation of TFP-SBC NPs

Since PNIPAm is soluble in water, a water-soluble form
of BPLP was required for the synthesis of TFP-SBC NPs.

NIPAM ( )
/ Homogeneous
solution
Mix in Sonicate .
DI Water <«— WBPLP-AH
BIS ) g
\ ) ~ APS —l«—{ TEMED SBC Cisplatin
SbS Cisplatin ' =P
Add dropwise

3d, 4°C
cis-TFP-SBC Dialyze Dialyze

TFP-SBC
NPs

Characterization

« Drug release . DLS

« In vitro efficacy « TEM

« fluorescence
response to pH

- Stability

« LCST (for TFP)

« Cytocompatibility

« Uptake

I

Characterization

Purge w. N
NPs Lyophilize ( Lyophilize 2

" BPLP-Ser | | BPLP-Ser

1. Sonicate
2. Add dropwise

4 JV

SDS SDS

1. Sonicate
2. Stir

3. Dialyze

4. Lyophilize

BPLP-SBC
NPs

cis-BPLP-SBC
NPs

Fig.1 Overview of the methodology followed, including synthesis, physical characterization, and in vitro characterization (NIPAM = N-iso-
propylacrylamide; SBC =sodium bicarbonate; BIS = N,N'-methylenebisacrylamide; SDS =sodium dodecyl sulfate; WBPLP-AH = water-soluble
BPLP-allylamine crosslinked polymer; TEMED = tetramethylethylenediamine; APS =ammonium persulfate; BPLP =biodegradable photolumi-
nescent particles; TFP =thermoresponsive fluorescent particles; ser=serine; cis =cisplatin; DLS = dynamic light scattering; TEM = transmission

electron microscopy; LCST =lower critical solution temperature).
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Accordingly, water-soluble BPLP-allylamine crosslinked
polymer (WBPLP-AH; 1000 Da) was synthesized with
the assistance of carbodiimide crosslinking chemistry.
Specifically, 45 mg of WBPLP was dissolved in 5 mL of
2-(N-morpholino)ethanesulfonic acid (MES) buffer followed
by the addition of 50 mg of N-(3-Dimethylaminopropyl)-N'-
ethylcarbodiimide hydrochloride (EDC). This solution was
subjected to mixing via rotary spinning for 30 min, after
which 50 mg of N-hydroxysuccinimide (NHS) was added to
it. After 1 h, 18.75 pL of allylamine was added and mixed
overnight. This was then filtered using a dialysis membrane
for 24 h.

TFP-SBC nanoparticles using the prepared WBPLP-AH
were synthesized via a free-radical polymerization method
(summarized on the left in Fig. 1). In brief, 45 mg N-iso-
propylacrylamide (NIPAm; 113.16 Da), 5.85 mg N,N'-
methylenebisacrylamide (BIS), 17.4 mg sodium dodecyl
sulfate (SDS), and 10 mg (for TFP-(0.1)SBC) or 30 mg (for
TFP-(0.3)SBC) sodium bicarbonate were added to 25 mL
deionized water. The mixture was sonicated for 15 min
at 30 W by an ultrasonic processor. 5 mL of WBPLP-AH
(0.9% w/v) was then added to the sonicated mixture and
purged with nitrogen for 15 min. Following this, 52.48 mg
of ammonium persulfate (APS) and 69 pL tetramethyleth-
ylenediamine (TEMED) were added to the purged solution
to initiate and accelerate the polymerization process. This
solution was kept stirring in a nitrogen atmosphere for 4 h
before collection through 0.45 pm syringe filtration. The
product was dialyzed (MWCO 3500 Da) for 24 h to remove
unreacted residue, followed by lyophilization to obtain the
final TFP-SBC NPs.

Drug Loading

To prepare drug-loaded BPLP-SBC NPs (cis-BPLP-SBC
NPs), cisplatin was dissolved in the W, phase alongside
SBC during synthesis at a ratio of 1:5 with respect to poly-
mer weight. Cis-TFP-SBC NPs were prepared by dissolving
cisplatin in the same ratio as above in a suspension of TFP-
SBC NPs in water. The resulting drug-particle suspension
underwent rotary spinning for 3 days at 4°C to facilitate drug
encapsulation in the thermosensitive polymer layer. The sus-
pension was then subjected to dialysis (MWCO 1000 Da)
for 4 h to remove any unloaded cisplatin. The dialysate was
used for the calculation of loading efficiency. Lyophilization
yielded the final cisplatin-loaded TFP-SBC NPs.

Nanoparticle Characterization
A 1 mg/mL sample of NPs (BPLP-(0.1)SBC, BPLP-(0.3)
SBC, TFP-(0.1)SBC, TFP-(0.3)SBC) was examined for

sizing, polydispersity index (PDI), and zeta potential
using dynamic light scattering (Zeta PALS, Brookhaven
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Instruments, NY). The same concentration of particles was
used to obtain transmission electron microscope (TEM)
images. A drop of the particle suspension was added to
Formvar-coated 200-mesh copper grids (Electron Micros-
copy Sciences, Hartfield, PA) and allowed to air-dry, follow-
ing which the sample was inserted into the TEM for imag-
ing. The post-lyophilization stability of particles in 0.9%
saline and media (10% serum) was assessed for up to 3 days
in vitro, with samples being analyzed and kept in a 37°C
incubator throughout.

Fluorescence intensity scans were carried out using an
Infinite M200 microplate reader (Tecan, Switzerland). Par-
ticles were suspended in DI water at different pH values
(3, 5, and 7.4) and underwent fluorescence intensity scan-
ning with an excitation range of 380-700 nm and an emis-
sion range of 290-660 nm. Fluorescent visualization of NP
suspensions was also carried out by suspending particles in
de-ionized water of different pH (3 and 7.4) and placed in
cuvettes under UV light for fluorescence images.

LCST Determination of TFP-SBC Nanoparticles

To characterize the thermoresponsivity of TFP-SBC nano-
particles, their LCST was determined by light capture via a
photomultiplier (PMT). A 5 mg/mL suspension of TFP-SBC
nanoparticles was prepared and placed in a quartz cuvette
(Stama Cells, Atascadero, CA). The cuvette was placed in a
water bath whose temperature was monitored using a tem-
perature feedback probe. Laser light with a wavelength of
609 nm was directed at the sample, with the PMT capturing
the scattered light at a 90° angle; a 594 nm long-pass filter
was used to filter the captured light. The signal was captured
100 times on average, with the peak intensity of the emission
decay curve being used to calculate light intensity. Results
were plotted on a logarithmic scale of intensity units (A.U.)
with respect to the temperature change of the suspension.

Assessment of AT1 Cytotoxicity

To evaluate the cytotoxicity of bare (drug-free) NPs on healthy
cells, human alveolar type 1 (AT1) epithelial cells were used
as a model cell line. These were seeded on 96-well plates at
a density of 5x 10* cells/well. Cells were cultured for 24 h
before NP suspensions (in media) at various concentrations
(0 to 500 pg/mL) were added to the wells. After 4 h of incu-
bation, the medium was removed and the cells were washed
carefully with PBS, with fresh media added thereafter. MTS
colorimetric assays were performed to determine cell via-
bility, wherein 20 pL of 3-(4,5-dimethylthiazol-2-yl)-5-(3-
carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium
(MTS) reagent (Promega, Madison, WI) was added to each
well followed by 4 h incubation at 37°C. Results were obtained
as absorbance readings at 490 nm using a microplate reader.
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Evaluation of Drug Release

Drug release kinetics were evaluated for both nanoparticle
formulations. In the case of BPLP-SBC NPs, this was car-
ried out at two different pH values: 6.0 and 7.4. A 1 mg/
mL concentration of cisplatin-loaded particles (cis-BPLP-
SBC NPs) was transferred into a dialysis membrane with
a MWCO of 3500 Da. The dialysis bags were then placed
in water with the same pH as that of the drug-loaded parti-
cle suspension. At predetermined time points, 1 mL of the
dialysate was collected and replaced with an equal volume
of fresh dialysis media. Cumulative cisplatin release was
analyzed by measuring the absorbance of collected dialysate
samples at 300 nm and comparison with a cisplatin standard
curve. For TFP-SBC NPs, cisplatin-loaded particles were
assayed as above, at two different values of pH (6.0 and 7.4)
and at two different temperatures (37° and 41°C).

Cellular Uptake and Uptake Imaging

A549 lung cancer cells were used as a model cancer cell line
and seeded at a density of 2x 10° cells/well on a 48-well
plate. Cells were cultured for 24 h before NP suspensions
(in media) at various concentrations (0 to 200 pg/mL) were
added to the wells. After 2 h of incubation, the medium was
removed, and the cells were washed carefully with PBS.
The cells were fixed using 500 pL of 4% paraformaldehyde
in PBS per well and kept at RT for 30 min. Paraformalde-
hyde was aspirated and replaced with fresh PBS, after which
imaging was carried out using a Nikon Eclipse Ti micro-
scope. The fluorescence intensity of images was quantified
using the Imagel] software (32).

Assessment of In Vitro Therapeutic Efficacy

A549 lung cancer cells were seeded and incubated in
96-well plates at 37°C and 41°C one day prior to the experi-
ment. Four distinct test groups were employed to assess the
therapeutic efficacy of the nanoparticles here synthesized:
control, free drug, bare NPs, and cisplatin-loaded NPs, in
media at two different pH (6.0 and 7.4; for BPLP- and TFP-
based NPs) and at two different temperatures (37° and 41°C;
for TFP-based NPs only). Particle concentrations to be used
were determined via IC50 values of cisplatin against A549
cells (IC50 64 pM (33)) and known drug loading efficiencies
of the NP batches used. Therefore, 250 pg/mL BPLP-SBC
NPs and 225 pg/mL TFP-SBC NPs were used in the studies
to release approx. 64 pM cisplatin within 24 h. Following
the addition of NP suspensions in media at the appropri-
ate pH, the cells were incubated at either 37°C or 41°C
for 24 h. Media from each well was then aspirated, stored,
and replaced with fresh media, followed by the addition of
MTS reagents. Following incubation, absorbance readings

at 490 nm were collected using an Infinite M200 micro-
plate reader. A parallel LDH cytotoxicity assay was also
performed. Stored media from each well was centrifuged to
collect the supernatant, and 100 pL of LDH working solu-
tion (Promega, Madison, WI)—prepared per manufacturer’s
instructions—was added to an equal volume of supernatant.
After 30 min at RT, absorbance readings at 490 nm were
collected using the microplate reader.

Results and Discussion
Nanoparticle Synthesis and Characterization

In this work, we synthesized NPs using two different meth-
ods: double emulsion for BPLP-SBC NPs and free radical
copolymerization for TFP-SBC NPs, as outlined previously.
These inherently fluorescent nanoparticles were lyophilized,
wrapped in aluminum foil to protect from light, and stored
at —20°C until required.

DLS data, including (hydrodynamic) particle size, poly-
dispersity index (PDI), and surface charge of the synthesized
NPs are presented in Table I (DLS data of nanoparticles
not incorporated with SBC are presented in the Supporting
Information, Table S-I). Overall, higher concentrations of
SBC resulted in larger particle sizes as measured by both
DLS and TEM, a trend previously observed (34). BPLP-
(0.1)SBC NPs were observed to have a hydrodynamic
diameter of 226 +7 nm while the (0.3)SBC counterpart
was slightly larger, at 249 +7 nm. The same trend held true
for the two TFP-based formulations: 298 +40 nm for (0.1)
SBC and 340+ 16 nm for (0.3)SBC NPs. BPLP NPs were
of a smaller size than their TFP counterparts, with the for-
mer also possessing lower PDI values. Zeta potential val-
ues ranged from —34.4 to —27.5 mV for BPLP-SBC and
from —19.7 to —19.2 mV for TFP-SBC, corresponding to
the effect of anionic SDS surfactant coating on the surface
of the particles. The latter can therefore be identified to be
more unstable in suspension than the former. These sizes and
zeta potentials agree with—or closely match—values observed
previously by other groups and us (26, 27, 35).

TEM analysis of the nanoparticles showed BPLP-SBC
NPs possessed a diffuse, near-spherical morphology. As

Table | DLS/zeta Potentiometry Data for Synthesized SBC-Incorpo-
rated Nanoparticle Formulations (Data from Measurements Done in
Triplicates)

Sample Size (nm) PDI Zeta potential (mV)
BPLP-(0.1)SBC 226+ 7 0.256 + 0.03 -34.4 +2.37
BPLP-(0.3)SBC 249 +7 0.224 +£0.058 -27.5+4.25
TFP-(0.1)SBC 298 +£40  0.332+0.027 -19.7+2.82
TFP-(0.3)SBC 340+ 16 0.300 +£0.039 —-19.2+1.26
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Fig.2 Transmission electron
micrographs of: (a) BPLP-SBC a
NPs (left: 0.1 M SBC, right:
0.3 M SBC) and (b) TFP-SBC
NPs (left: 0.1 M SBC, right:
0.3 M SBC). Note the wider
variation in particle size in the
TFP samples, and the more dif-
fused morphology of the BPLP
NPs (Scale bar=1 pm).

BPLP

TFP

shown in Fig. 2a, the (0.1)SBC NPs possessed a mean size
of 113+ 18 nm, and the (0.3)SBC NPs were slightly smaller
at 105 + 15 nm. TFP-SBC NPs (Fig. 2b) possessed a spheri-
cal morphology, albeit with a wider size range: the (0.1)SBC
NPs possessed a mean size of 109 +29 nm, and the (0.3)
SBC NPs were considerably smaller at 75 + 14 nm. In both
formulations, the same trend in size differentials between
the 0.1 and 0.3 formulations of each type observed using
DLS was apparent in TEM measurements as well. The dif-
ference in particle size between the DLS and TEM is attrib-
uted to the former’s measurement of a larger, hydrodynamic
diameter while the latter measures air-dried samples on a
copper grid. Nevertheless, the BPLP-SBC NPs possessing
a lower PDI/narrower size distribution relative to TFP-SBC
NPs could possibly be attributed to the incorporation of the
second polymer (PNIPAm) in the latter, leading to larger
diameters.

The choice of SBC as a porogen was based on various
factors, including data from previous work carried out
by us (34, 36). For one, more traditional porogen such as
poly(acrylic acid), Pluronics or ammonium bicarbonate suf-
fer from non-ideal physicochemical properties, high cost, or

@ Springer

(0.1)SBC

(0.3)SBC

the need for steps such as thermal curing (37-39). SBC, in
contrast, is a low-cost alternative that provides porogenic
activity by simple salt leaching without the need for expen-
sive and/or harsh leaching agents. Secondly, our previous
work has shown that SBC tends to produce larger, more
interconnected pore networks within particles: a much-
desired characteristic allowing for rapid and efficient release
of encapsulated payloads (36). There is, however, a limit to
the amount of SBC that is compatible with the successful
formation of BPLP or TFP nanoparticles: although we have
attempted to synthesize particles with as much as 60 mg
SBC (data not shown), these efforts were not successful,
limiting us to the 30 mg utilized herein.

A major premise of the theranostic platforms here
described is the ability of the NPs to provide fluorescence
signals and thus help diagnose and track the efficacy of treat-
ment within tumor-afflicted tissues/organs. Ideally, the NPs
should either fluoresce stronger at the acidic pH in the lactic
acid-rich tumor microenvironment or fluoresce at least as
strongly as they do at normal physiological pH. To assess
this characteristic in the synthesized NPs, their fluorescence
spectra in solutions of different pH values were collected,
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Fig.3 Fluorescence intensity scans of (a) BPLP and BPLP-SBC NPs and (b) TFP and TFP-SBC NPs at various pH values at a 380-700 nm
excitation range and 290-660 nm emission range. (a) also presents fluorescent images of BPLP-based NPs captured under UV light, while (b)

presents corresponding images of the TFP-based particles.

and are shown in Fig. 3. All formulations (apart from BPLP
on its own) showed either higher or similar intensities at
acidic pH relative to neutral pH (with emission wavelengths
seen previously in these formulations) (21). TFP-based NPs,
in particular (Fig. 3b), showed almost no appreciable dif-
ference in intensity at the three pH values. These findings
suggest that variations of pH or the concentrations of SBC
used do not significantly affect the fluorescence intensity of
the particles.

Figure 3 also presents photos of the NPs captured under
UV light for comparison, which confirm negligible changes
in fluorescence intensity amongst the different formula-
tions and pH values. Comparison of the UV fluorescence of
base BPLP- and TFP NP suspensions with deionized water
controls and the appearance of TFP-based NP suspensions
under visible light are presented in the Supporting Informa-
tion (Fig. S1).

The stability of the synthesized NPs is also key to their
success in vivo application; previous studies had successfully
administered BPLP-based particles through an intravenous
application (23). This is also envisioned for the particles
developed herein, resulting in these particles spending an
appreciable length of time circulating in the blood. As such,
their stability in 0.9% saline and culture medium (containing
10% serum) were assessed- this data is presented in Fig. 4.
BPLP-based NPs (Fig. 4a) stayed within approximately
20% of their initial diameter, with those in culture media
being very stable and those in the salt solutions undergoing

a minor decrease in size after 24 h, after which the size
remained constant for the duration of the study. By con-
trast, while TFP-based NPs (Fig. 4b) stayed stable in culture
media, those in the salt solutions showed marked swelling
up to approximately 40% of day O size. This is most likely
a result of the incorporation of PNIPAm in their structure:
the polymer has a documented propensity to swell in saline
solutions (40, 41). Overall, all formulations remained within
40% of day 0 size, indicating no major problems with stabil-
ity in suspension.

LCST Determination of TFP-SBC Nanoparticles

A fundamental principle behind the function of the TFP-
based NPs is their ability to undergo a reversible phase tran-
sition and to swell or shrink in order to release their encapsu-
lated payload. This ability was assessed by way of the lower
critical solution temperature (LCST) of the NPs in solutions
of two different pH. This data is presented in Fig. 5 and dem-
onstrates that the LCST of TFP-(0.1) SBC and TFP-(0.3)
SBC NPs at pH 7.4 are 38.6°C and 49.9°C, respectively. At
a lower pH of 6, the LCST of both formulations decreased
slightly (TFP-(0.1) SBC to 38.4°C and TFP-(0.3)SBC to
45.4°C). This is a previously-documented phenomenon,
wherein the hydrogen bonding within the PNIPAm hydrogel
is disrupted as the environment gets more strongly acidic/
alkaline, leading to partial ionization of the hydrogel net-
work and an easier path to phase transition (42). The phase
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Fig.4 Functional capacity testing data for the two nanoformulations. (a) Stability of BPLP-SBC NPs in 0.9% saline and media (with 10%
serum) over a 3-day period. (b) Corresponding stability data for TFP-SBC NPs. Note the slight swelling of these particles in the saline solution.
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Fig.5 Data indicative of lower critical solution temperature (LCST)
of TFP NPs in solutions with different pH, determined via fluores-
cence intensity scanning.

transition was also clearly observable visually, with the NP
suspensions turning from transparent to translucent at tem-
peratures above their respective LCSTs, a distinctive sign of
this transition (43). Images of TFP NPs pre- and post-LCST
are presented in the Supporting Information (Fig. S2).

Assessment of AT1 Cytotoxicity

The cytocompatibility of all BPLP- and TFP-based NPs
were determined by the incubation of a range of NP con-
centrations with AT1 cells for 24 h, up to a maximum
of 200 pg/mL. Results (Fig. 6a) showed that BPLP and
BPLP-SBC NPs remained cytocompatible (>80% viabil-
ity) towards AT1 cells at up to 100 pg/mL, with signs
of cell death appearing at 150 pg/mL and persisting at
200 pg/mL. At 200 pg/mL, all BPLP-based NPs caused a
reduction in viability to approximately 55%. BPLP-based
NPs were thus confirmed to be cytocompatible against
ATT1 cells at concentrations up to 100 pg/mL. Interestingly,

Fig.6 Evaluation of cytocom- a 140- b 140 -
patibility (relative to control) i
of (a) BPLP-based NPs, and 120 4 kol dekk 120 4
(b) TFP-based NPs using the = ] . 11
MTS assay on AT cells after 100 4 ‘1‘ = _I_ 100 ‘}
24 h exposure. While the former > {,‘I‘ = ‘}
showed cytocompatibility up to E 80 % T-E“ 80
100 pg/mL, the latter showed > >
only minor decreases in cyto- 2 60 T 60
compatibility up to the maxi- X R
mum concentration of particles 40 - 40
tested. (n=3 for all groups; ***
p<0.001). 20 - 20 4
0- T T T 0 - T T T
BPLP BPLP-(0.1)SBC BPLP-(0.3)SBC TFP TFP-(0.1)SBC  TFP-(0.3)SBC

Bl 0 pg/mL [ 10 pg/mL [ 25 pg/mL [J 50 pg/mL (] 100 pg/mL B 150 pg/mL Ml 200 pg/mL]
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this phenomenon of BPLP NP toxicity at concentrations of
>100 pg/mL has not been reported previously in the avail-
able literature. This is, however, the first instance of these
nanoparticles being tested for cytocompatibility against
AT1 cells, and this data may serve as a valuable addition
to the existing knowledge base on BPLP. Previous work
with BPLP-based NPs has looked at their cytocompatibil-
ity with human dermal fibroblasts (HDFs) (22, 23, 26),
THP-1 (35), WM35 (35), 1205Lu (35), PZ-HPV-7 (23)
and HUVECs (22). Magnetic BPLP NPs were found to
be cytocompatible up to 200 pg/mL at 72 h against HDFs
(22). Muramyl-tripeptide-linked BPLP NPs caused no
cytotoxicity towards THP-1 cells after 24 h at concentra-
tions up to 1000 pg/mL, some cytotoxicity towards WM35
cells after 24 h at 1000 pg/mL, and cytotoxicity to 1205Lu
cells after 24 h at 500 pg/mL (35). HUVECs experienced
no cytotoxicity at concentrations up to 1000 pg/mL after
24 h (26). AT1 cells are known to be very sensitive to
damage in general compared to other cells in the lungs,
so the marked difference in cytotoxicity when exposed to
these nanoparticles is to be expected (44, 45).

TFP, TFP-(0.1)SBC, and TFP-(0.3)SBC NPs showed
acceptable levels of cytocompatibility (=80% viability;
Fig. 6b) up to a concentration of 200 pg/mL (and beyond
to 500 pg/mL; see Supporting Information Fig. S3). Even
at 500 pg/mL, TFP particles were shown to affect AT1 by
decreasing cell viability to only 82%, while neither TFP-
(0.1)SBC nor TFP-(0.3)SBC particles caused any notable
cell death. TFP-based NPs were thus confirmed to be cyto-
compatible against AT1 cells up to 500 pg/mL, a phenom-
enon previously observed with human dermal fibroblasts
and normal prostate epithelial cells (PZ-HPV-7) after a
similar 24 h incubation (23, 26). This is likely a result of

Fig.7 Schematics of (a)
BPLP-SBC with pH- and (b)
TFP-SBC NPs with pH- and
temperature-responsive release
characteristics.

the incorporation of the cytocompatible PNIPAm within
the formulation (43, 46).

Drug Loading and Release

The release profiles of the nanoformulations were expected
to be dependent on the amount of SBC in each formulation.
In both BPLP and TFP, the increase in available H* facili-
tates the generation of pores in the nanoparticle structure as
a result of the double displacement reaction between the two.
In the case of TFP, an increase in temperature beyond the
LCST of the polymer also causes the nanoparticle to shrink.
Both phenomena (outlined in Fig. 7) induce entrapped drugs
to be ejected from the interior of the matrix; the ability of
both nanoformulations to conform to these projected behav-
iors is therefore vital. Thus, drug release in various pH and
temperature conditions was assessed.

The loading efficiency of cis-BPLP-(0.1)SBC particles
was calculated to be 66%, while that of the (0.3)SBC NPs
was 75%. The release profiles of both cis-BPLP-(0.1)SBC
and cis-BPLP-(0.3)SBC NPs (Fig. 8a) were highly depend-
ent upon the amount of SBC in each formulation, in turn
relying on the pH of the environment. Both had near-identi-
cal, slow drug release at pH 7.4, with complete release yet to
be achieved at day 14. The (0.1)SBC formulation had a rapid
initial release (up to 60% cumulative release by day 2, nearly
double that of both formulations at the neutral pH), followed
by a slower release profile reaching approximately 91%
cumulative release by day 14 at the acidic pH. BPLP-(0.3)
SBC displayed the most marked change in release profile in
response to a drop in pH: at pH 6.0, the formulation released
100% of loaded cisplatin by day 14, foregoing the plateaued
release period observed in the other test groups between

X

H+

=

I BPLP-Ser
[ ] SBC/NaHCO,
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I BPLP-NIPAM
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X X
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Fig.8 Cumulative release of loaded/encapsulated cisplatin from (a) cis-BPLP-SBC NPs and (b) cis-TFP-SBC NPs at different temperatures (37
and 41°C) and pH (6.0 and 7.4) conditions. BPLP release studies showed clearly elevated release at pH 6.0 in the formulation with 30 mg of
SBC, which showed near-complete release of cisplatin within 14 days. TFP release studies showed total (or near-total) release of encapsulated
drug by day 4 at either pH tested at the elevated temperature; studies were discontinued after day 7 since the expected result of 100% release was

achieved. (n=4 for all groups).

days 7 and 14. In contrast to previous work that exam-
ined the release profile of encapsulants from non-porous
BPLP NPs, these display a higher/quicker burst release.
For instance, Jiang and colleagues observed a roughly 50%
release by BPLP NPs over 3 days at pH 5.0 (47)- in com-
parison, the BPLP NPs synthesized here showed approxi-
mately 60% release at pH 6.0. Similarly, their functional
pH-sensitive formulations showed roughly 20% release by
day 3 at pH 7.4- in comparison, the BPLP NPs here show
just under 30% release: a nearly 30% difference relative to
their behavior at acidic conditions, but slightly higher than
non-porous NPs. The role of the porogen is thus quite appar-
ent. Additionally, the above-outlined difference in the two
formulations synthesized herein at the acidic pH showed
clearly the role played by increasing quantities of SBC in the
formulation, while their much higher/faster release at acidic
pH also stood in stark contrast to their slower/lower release
at neutral pH, showing the pH-responsive qualities of both
formulations, irrespective of SBC concentration. They are
thus functionally capable of application as pH-responsive
theranostic platforms targeting cancer.

The SBC-dependent release characteristics having been
established, those of cisplatin-loaded TFP NPs synthesized
with 30 mg of SBC were assessed (Fig. 8b) at two pH values
(6.0 and 7.4) and two temperatures (37- and 41°C). Given
that the goal of TFP-based drug delivery is to modulate local
drug release with local hyperthermia (40-45°C) as a trig-
ger (or conversely, prevent excessive release at body tem-
perature) (48, 49), the (0.1)SBC formulation which had an
LCST of only about 38°C as seen in Fig. 5 was deemed not
fit for purpose, as its LCST lies too close to physiological
temperature. As a result, these NPs would release an unac-
ceptably high quantity of the drug at body temperature while
in circulation prior to localization in tumor tissues. There-
fore, only the cis-TFP-(0.3)SBC NPs had optimal LCST and

@ Springer

temperature-dependent drug release properties and were
explored further in this study. The loading efficiency of cis-
TFP-(0.3)SBC particles was calculated to be 87%.

Overall, the release of cisplatin from the TFP NPs was
markedly more rapid than that observed in the case of the
BPLP formulations. At 37°C, the NPs exhibited a sustained
pattern of encapsulated drug release up to approximately
80% by day 7 (71.4% and 83.8% for pH 6.0 and pH 7.4,
respectively). By contrast, the increase in temperature
resulted in a much more rapid release profile, with most of
the entrapped drug being released by day 4 (100% and 90.4%
for pH 6.0 and 7.4, respectively). The temperature-depend-
ent release of encapsulated agents here is markedly higher
than that observed in some of our previous work, most likely
as a result of the addition of a porogen. Whereas the release
of doxorubicin from non-porogenic TFP NPs was observed
to occur to a maximum of approximately 50% (cumulative)
over 2 days at 41°C, the nanoparticles synthesized herein
showed >60% release during the same time at the same con-
ditions, while even release at 37°C was improved in the same
time period, from 35- to >50% (non-porous, doxorubicin vs.
current formulation) (23). The observations above confirmed
two desired properties/behaviors of this formulation: it
responds to acidic pH as a result of the SBC porogen (albeit
less notably so than in BPLP NPs) and responds markedly
differently when the temperature is raised past/close to its
LCST, release increasing in both situations.

The sustained release characteristics of all three nanofor-
mulations (BPLP in particular) tested are noteworthy. Cispl-
atin-PNIPAM formulations in literature have exhibited very
rapid release over the course of hours (50, 51) (too short for
any sustained release to be effective) or incomplete delivery
(sub-50% cumulative release) over the period of several days
(52, 53). Sustained release over the course of several days,
coupled with the natural accumulation in tumors (viz. the
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enhanced permeability and retention effect), would make the
application of these formulations (purely by considerations
of drug delivery) better by comparison, particularly given
the complete (100%) release. Dosing would be needed more
infrequently, and the tumor would be consistently exposed
to the drug over an extended period, possibly enhancing
efficacy.

Cellular Uptake and Uptake Imaging

The results of BPLP-(0.3)SBC NP uptake by A549 cells are
presented in Fig. 9. The (0.3)SBC formulation was chosen
for further analysis based on the results of the release study,
which showed that its release profile was the most mark-
edly different at pH 6.0. The NPs showed a dose-dependent
increase in uptake, with the most notable increase taking
place at 200 pg/mL, where the fluorescence of the NPs is

Fig.9 Cellular uptake of BPLP- a
(0.3)SBC NPs by A549 cells
following 2 h incubation with
increasing concentrations of
NPs. (a) Brightfield (top) and
fluorescent (bottom) microscopy
of cells subjected to uptake; (b)
quantitative data, measured as
fluorescence intensity from fluo-
rescent microscopy images.
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>2.5x that observed at half this concentration (compared to
the 2x increase observed when NP concentration is increased
from 50- to 100 pg/mL).

The TFP-(0.3)SBC formulation too displayed a clearly
dose-dependent increase in uptake (Fig. 10). The increase
in fluorescence between 50- and 100 pg/mL was roughly
5x, but this dropped to <2x between 100- and 200 pg/mL.

Further uptake data (based on directly-measured fluores-
cence of both BPLP- and TFP-(0.3)SBC NPs normalized by
cell protein content) can be found in the Supporting Informa-
tion (Fig. S4).

Assessment of In Vitro Therapeutic Efficacy
To confirm the results of the release and uptake studies and

establish therapeutic efficacy in vitro, an anti-A549 cytotox-
icity assay was carried out with both chosen BPLP- and TFP

Concentration (ug/mL)

100
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Fig. 10 Cellular uptake of
TFP-(0.3)SBC NPs by A549
cells following 2 h incubation
with increasing concentrations
of NPs. (a) Brightfield (top) and
fluorescent (bottom) microscopy
of cells subjected to uptake; (b)
quantitative data, measured as
fluorescence intensity from fluo-
rescent microscopy images.

Fluorescence intensity (A.U.)

NP formulations over 4 h, with concentrations informed by
the IC50 of cisplatin on the cell line. The viability of cells
(at both temperatures) at pH 7.4 was taken as 100% and all
other data was handled with respect to these. These results
are presented in Fig. 11.

As expected, the bare BPLP-(0.3)SBC NPs precipitated
almost no cell death at either pH value it was tested at
against the A549 cells, but cisplatin-loaded NPs showed a
remarkable and statistically significant (p <0.001) induction
of cell death when the pH was decreased from 7.4 to 6.0,
with cell viability decreasing from 72- to 24%.

TFP-(0.3)SBC NPs were non-toxic at both pH and tem-
perature conditions tested but showed statistically significant
decreases in viability when the temperature was increased
from 37 to 41°C, at both pH values tested, with viability
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dropping from 78- to 45% at pH 7.4 and 64- to 37% at pH 6.0.
Conversely—from a pH standpoint—the viability of A549 cells
decreased from 78- to 64% when the pH was lowered to 6.0
at 37°C, and from 45- to 37% when the pH was lowered to
6.0 at 41°C. Our results thus confirm that both formulations
exhibited dynamic and stimuli-responsive anticancer activity
as a function of pH. The temperature also played a role in
cancer cell killing in the case of the TFP-SBC NPs. Given
the less-than-ideal performance of the NPs at neutral pH (i.e.-
reduction in cell viability to 80% or less; corroborated by data
in Fig. 8), future work could examine additives (materials
that may include those such as the acid-reactive chitosan) that
reinforce the NPs’ inherent pH-responsive nature, preventing
drug release at neutral pH and maintaining the same release
as shown in Fig. 11 at acidic pH.
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Fig. 11 Cancer cell killing [ 37°C 41°C |
data (relative to control) for
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Conclusions ACKNOWLEDGMENTS AND DISCLOSURES Graphical abstract created

We report here the successful synthesis, optimization, and
characterization of two distinct theranostic nanoparticle
formulations with cisplatin as the active anticancer encap-
sulant. BPLP nanoparticles with 0.3 M sodium bicarbonate
(BPLP-(0.3)SBC NPs) were identified as the most optimal
of the pH-responsive nanoparticle formulations tested. The
NPs were cytocompatible with the potential for sustained
drug release up to 14 days, dose-dependent uptake by A549
cancer cells, and marked anticancer efficacy within the
acidic environment of cancer cells. These BPLP-(0.3)SBC
NPs were thus identified to be viable passively-targeted
pH-responsive theranostic particles for anti-cancer drug
delivery.

TFP nanoparticles with 0.3 M sodium bicarbonate (TFP-
(0.3)SBC NPs) were identified as the most optimal of the
dual-stimuli responsive (thermal and pH) formulations
tested, showing all the desired characteristics as its BPLP
counterpart and marked increases in cytocompatibility and
anticancer efficacy at elevated temperatures. This formula-
tion is thus both a minor improvement on the BPLP-based
NPs (slowing down drug release at body temperature and
thus slightly extending the duration of release) and a viable
candidate for a theranostic platform with heat- and pH-trig-
gered drug release properties.
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