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ABSTRACT: Most nanoparticle-based bioresearch for clinical applica-

tions is unable to overcome the clinical barriers of efficacy (e.g, sensitivity =~ No Fluorescence
and selectivity), safety for human use, and scalability for mass-production
processes. Here, we proposed a promising concept of using a
biocompatible nanocarrier that delivers natural fluorescent precursors Biosynthetic
into cancerous cells. The nanocarrier is a biopolymeric nanoparticle that Pathway
can be easily loaded with fluorescent precursors to form a fluorescent ‘
moiety via a biosynthesis pathway. Once delivered into cancerous cells, Hya\lfr\o/n\i,\cacid sgA

the nanocarriers are selectively turned on and distinctively fluoresce upon

excitation. We, therefore, demonstrated the efficacy of the selective turn-

on fluorescence of the nanocarriers in in vitro coculture models and in

. . N i -
vivo tumor-bearing models. anocarrier Turn-on
Fluorescence

B INTRODUCTION such as low stability, short-term storage, and complex and
expensive fabrication steps have not been addressed. Thus,
these studies may also end up remaining at the in vitro stage.

Here, we introduce a promising approach of selective cancer
diagnosis using natural materials to solve this issue. To our
knowledge, no studies to date have succeeded in producing a
nanosized carrier for the enhanced delivery of S-ALA that
allow for long-term storage.”” Our approach to fabricate a
highly stable nanocarrier is very simple to mass-produce, thus

Nanoparticle-based bioimaging technologies have received
wide attention in biomedical fields for several decades.'™
The innovative development of novel nanoparticles conjugated
with fluorophores has played a key role in the field of
nanomedicine.” '’ However, inevitable issues relating to safety
are always a hindrance in their potential use. Moreover, good
manufacturing practices that include the scale-up of

manufacturing processes and compliance with Food and enabling cost reduction. Importantly, we used no chemical
Drug Administration guidelines need to be critically consid- modification to circumvent additional toxic problems and/or
ered from a commercialization perspective.“’12 Therefore, complex manufacturing processes. Furthermore, we demon-
most nanoparticle-based bioresearch remains at the preclinical strate other technical approaches to in vitro coculture models
status because it is unable to overcome clinical barriers with and in vivo local delivery methods to evaluate the efficacy of
the exception of an extremely small number of studies in our nanocarriers. Our approach represents a cornerstone in the
nanomaterials.>'* Hence, a novel approach is required for the development of imaging agents for cancer cells.

clinical and practical medical use of fluorescent diagnosis.

To achieve a selective turn-on fluorescence in cancer B EXPERIMENTAL SECTION

cells,''® many research groups have demonstrated the use Preparation of Nanocarriers Encapsulating 5-ALA. Refined
of S-aminolevulinic acid (5-ALA). This molecule is a natural, soybean oil, S-ALA, sorbitan monoesters (Span 80), and polyethylene
nonfluorescent, and metabolic precursor of protoporphyrin IX

(PpIX)."” However, despite several efforts in developing Received: November 24, 2018

nanoparticles conjugated with or loaded with 5-ALA as a Revised:  January 5, 2019

diagnostic agent for cancer cells,"*™** fundamental problems Published: January 1S, 2019
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glycol 20 (PEG-20) sorbitan monooleate (Tween 80) technical
grade—suitable for cell culture—were purchased from Sigma.
Hyaluronic acid (research grade) was purchased from Lifecore
(MW = 91—175 kDa). By adjusting the Span to Tween ratio, various
hydrophilic—lipophilic balance (HLB) values can be obtained,
allowing the emulsification of many industrial raw materials. The
mixed HLB value of cosurfactants was derived by multiplying the
HLB values of Span 80 and Tween 80 with their weight fractions. The
oily phase (soybean oil) contained cosurfactants (mixtures of Span 80
and Tween 80) and the aqueous phase (sodium hyaluronate, alginate
acid, and S-ALA), which were prepared separately in glass vials. The
nanocarrier was prepared using soybean oil, cosurfactants, and an
aqueous phase in a weight ratio of 7:1:2. The entire solution including
soybean oil, cosurfactants, and the aqueous phase (1 wt % hyaluronic
acid, 0.1 wt % alginate acid, and 1, 3, S wt % S-ALA) was mixed
thoroughly in a glass vial using a vortexer for 30 s. The solution
mixture was ultrasonicated using a 6 mm probe tip-sonicator at an
amplitude of 40% (Sonics, VC-750) for 10 min without any on—off
pulse cycles. After ultrasonication, the bluish color of the mixture
became transparent (or translucent). To separate the nanocarriers
from the oily phase, the resulting oily solution was redispersed in
deionized (DI) water or PBS to separate the nanocarriers from the
oily phase, followed by centrifugation. The water phase contained
nanocarriers, which were collected by filtering through a single-use
filter cartridge (cellulose acetate syringe filter, model DISMIC-13,
Advantec). Finally, a dialysis step was performed using a dialysis
membrane (molecular weight cut off of 1 kDa) to remove any small
molecules suspended in the solutions for 24 h.

Physicochemical Characterization and Stability Monitoring.
The mean size, distribution, and { potential of the nanocarriers were
determined using a Zetasizer Nano (Malvern, Westborough, MA).
Measurements were taken at a scattering angle of 173° and a constant
temperature of 25 °C. The morphology of the nanocarriers was
characterized using transmission electron microscopy (TEM; JEM-
3010, Japan). The TEM samples were prepared by drying a droplet of
the nanocarrier suspension on a 400 mesh-size carbon film-coated
copper grid (Ted Pella Inc.). Then, the grid was placed on a drop of
2% (w/v) sodium phosphotungstate solution for negative staining. On
the basis of the TEM images, the size distribution data was obtained
by counting more than 190 particles. The stability of the nanocarriers
was monitored by measuring their size for 6 months at different time
intervals, during which period the nanocarrier solution (concen-
tration: 1 mg/mL) was stored at 4 °C in DI water.

Determination of Entrapment Ratio of 5-ALA. The
determination of the content of S-ALA entrapped in the spherical
nanocarrier was based on a comparative analytical method using a
2,4,6-trinitrobenzenesulfonic acid kit (Thermo Fisher). The primary
amine group in S-ALA was quantified after the nanocarrier solution (1
mg/mL) was entirely lyophilized. The total amount of 5-ALA in 1 mL
of solution was estimated based on the fit of the standard linear curve.

Degradation Test by Hyaluronidase (HAase). To confirm the
effect of enzyme degradation, the degradation of nanocarriers by
HAase (Sigma) was tested. First, the nanocarrier solution (1 mg/mL)
was monitored by measuring the hydrodynamic size for 24 h, after
being stored at 4 and 37 °C in DI water and PBS buffers (pH 6.5 and
7.4), respectively). Then, S0 units/mL of HAase was added to each
solution, and the stability was repeatedly checked.

Cell Culture. For in vitro assays, six different types of cell lines
were used: gastric cancer cell lines, brain cancer cell lines, and
fibroblast cell lines. The human gastric adenocarcinoma cell lines
MKN-45 and MKN-74, the human glioblastoma U87-MG, the mouse
fibroblast cell line 3T3-L1, and the mouse glioma cell line C6 were
obtained from the Korean Cell Line Bank (Seoul, Korea). The human
fibroblast (HF) was provided by Prof. Hur at Seoul National
University Bundang Hospital. MKN-45, MKN-74, and C6 cells were
cultured in RPMI 1640 supplemented with 10% fetal bovine serum
(FBS) and 1% antibiotics (penicillin—streptomycin). U87-MG and
HF were cultured in DMEM supplemented with 10% FBS and 1%
antibiotics (penicillin—streptomycin). 3T3-L1 was cultured in DMEM
supplemented with 10% bovine calf serum (BCS) and 1% antibiotics
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(penicillin—streptomycin). All cell lines were incubated in a
humidified 5% CO, incubator at 37 °C.

Fluorescent Imaging of Cellular Uptake and Receptor
Blocking Assay. For fluorescent microscope imaging, all cells were
prepared for each condition and the cells at a density of 1 X 10*/well
were cultured on a 24-well plate at 37 °C in a humidified incubator
with 5% CO, for 24 h. After washing twice with PBS, the medium was
replaced by the serum-free medium containing nanocarriers (at a final
concentration of 0.1 mg/mL) with maintenance at 37 °C in a
humidified environment with 5% CO, for another 1, 3, and 6 h.
Subsequently, the cells were washed twice with PBS to remove the
nanocarriers. For fixed cell imaging, the cells were treated with 200
mL 4% paraformaldehyde solution for 10 min. The nuclei were
stained with 4’,6-diamidino-2-phenylindole (DAPI) (Sigma) for 3
min, and F-actin was stained with phalloidin-AlexaFluor488
(Invitrogen) for S min. Finally, the cells were viewed under a
fluorescence microscope (Zeiss Z1 AxioObserver). For the CD44
blocking assay, 1 h before the treatment of the nanocarriers, the
medium was replaced with serum-free medium containing free
hyaluronic acids (HA) polymer (at a final concentration of 10 mg/
mL) to block the CD44 receptors after washing twice with PBS; this
was followed by the same treatment for the nanocarriers uptake assay
over 3 h, as described previously.

Flow Cytometry Analysis. Cells were cultured via the same
procedures as those described previously, then the cells at a density of
5 % 10*/well were cultured on a 35 mm cell culture dish at 37 °C in a
humidified incubator with 5% CO, for 24 h. After washing twice with
PBS, the medium was replaced with serum-free medium containing
nanocarriers (at a final concentration of 0.1 mg/mL) with
maintenance at 37 °C in a humidified environment with 5% CO,
for 3 h. To utilize the receptor blocking experiments as a control
group, the same procedure was performed as that described previously
but the pretreatment of the free HA polymer was used to block the
CD44 receptors. Subsequently, after 3 h, the cells were washed twice
with PBS to remove the nanocarriers. The remaining cells were
trypsinized and resuspended in S mL of PBS solution. After
centrifugation, the cells were suspended in 0.5 mL PBS solution,
followed by flow cytometry analysis, which was performed on a flow
cytometry instrument (BD FACS Aria II flow cytometer, BD
Biosciences).

Quantification of PplIX Fluorescence Induced by 5-ALA
Nanocarriers. PpIX generation was quantified in each cell line using
the adjusted method. Briefly, all prepared cells were cultured onto 24-
well plates and incubated in a humidified incubator with 5% CO, at
37 °C. After replacing the serum-free media containing nanocarriers
(at a final concentration of 0.1 mg/mL), the cells were lyzed with 100
uL of RIPA lysis and extraction buffer (Biosesang) at several time
points (0.5, 1,2, 3, 4, 6, 12, and 24 h) and the extracted solution was
transferred into black 96-well plates. After incubating for 4 h, the
media was changed to fresh serum-free media to eliminate the effect
of nanocarriers. Next, the fluorescence intensity was measured at 410
nm excitation and 635 nm emission using a microplate reader in
fluorescence detection mode (Synergy H1, BioTek). To correct for
the absolute fluorescence value in cell numbers, the fluorescence
intensities were adjusted against proteins extracted from the cells,
wherein the protein concentration of each cell line was estimated
based on the bicinchoninic acid (BCA) assay (Thermo Fisher)

Cytotoxicity. All cells were cultured on 96-well plates for in vitro
cytotoxicity screening in a humidified incubator with 5% CO, at 37
°C. The effect of the nanocarriers on cell viability was determined
using a cell counting kit 8 (CCK-8) (Dojindo Lab, Tokyo, Japan).
Briefly, all cells were seeded in 96-well plates at a density of 5 X 10°
cells/well. After preincubation for 24 h, the cells were treated with
various concentrations of nanocarriers (0.062, 0.125, 0.25, 0.5, 1, and
2 mg/mL) for 6, 12, and 24 h at 37 °C. Cells cultured in the medium
that did not contain nanocarriers served as the negative control group.
At the end of the treatment, CCK-8 solution was added to each well
and the plates were incubated for 2 h at 37 °C. The optical density of
each well at 450 nm was recorded on a microplate reader (Synergy
H1, BioTek).
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Figure 1. Selective turn-on fluorescence and nanocarrier physicochemical characterization. (a) Schematic illustration showing that cancer cells and
nanocarriers have spherical morphologies and are specifically bound to CD44 receptors on cellular membranes, leading to cellular internalization
through receptor-mediated endocytosis. In the cytoplasm, internalized nanocarriers encapsulated by lysosomes can be sequentially degraded by the
HAase enzyme. Breaking of the polymeric structure of the nanocarriers led to the release of the entrapped S-ALA into the cytoplasm. In turn, S-
ALA was converted to natural fluorescent materials and protoporphyrin IX (PpIX) through the mitochondrial biosynthetic pathway. (b) Stability
profiles for three different types of nanocarriers (NC 1—3), monitored using dynamic light scattering equipment for 6 months under storage
conditions of 4 °C and 1 mg/mL in DI water. (c) Particle-size distribution of NC1 from counting over 190 particles and analyzing the TEM
images. The inset is a representative TEM image of NC1. Scale bar = 100 nm. (d) Confirmation of the effect of enzymatic degradation through size
monitoring using dynamic light scattering equipment. For 24 h, NC1 was stored under different conditions (DI water, PBS, temperature, and pH)
and was maintained without any variation in size. After treatment with 50 units/mL of HAase, the size of NC1 started fluctuating and subsequent

size data could not be obtained.

Cancer Selective Targeting in Coculture Models. To evaluate
the selective uptake in three types of coculture models (C6/MKN-74,
3T3-L1/MKN-74, and HF/MKN-45), all cells were incubated under
the same conditions as those described previously. Mixtures of cells
with different ratios from 2:1 to 1:10 were seeded onto 24-well plates
with different total numbers of cells per well (Iow, 5 X 10*/well; mid,
1 X 10°/well; and high, 2 X 10°/well). The C6/MKN-74 cell mixture
was cultured in RPMI 1640 supplemented with 10% FBS and 1%
antibiotics (penicillin—streptomycin). The 3T3-L1/MKN-74 cell
mixture was cultured in DMEM supplemented with 10% BCS and
1% antibiotics (penicillin—streptomycin). The HF/MKN-4S cell
mixture was cultured in DMEM supplemented with 10% FBS and 1%
antibiotics (penicillin—streptomycin). After 12 h of preincubation,
these cells were replenished with medium containing nanocarriers (at
a final concentration of 0.1 mg/mL) and incubated for 1, 2, 3, and 6
h., After washing twice in PBS, the same processes were performed for
fixation, DAPI staining, and F-actin staining, and then each well was
sealed using a round cover glass to prevent the wells from drying out.
All cells were visualized under a fluorescence microscope, and
representative photographs were taken.

Fluorescent Live-Cell Imaging. For live-cell imaging, MKN-74
cells and the cocultured cells (MKN-74/3T3-L1) were prepared for
each condition described previously at a total density of 5 X 10*/mL
on a 35 mm confocal cell imaging dish for 24 h. The nuclei were

stained with DAPI for 3 min, and then, after being washed twice with
PBS, the serum-free medium containing nanocarriers (at a final
concentration of 0.1 mg/mL) was added. Real-time fluorescent live-
cell images were obtained using a fluorescence microscope equipped
with live-cell incubating chambers at 37 °C with 5% CO, for 6 h at §
min time intervals. The time-lapse images were analyzed and exported
to video files using the Zeiss Zen II software program.

Animal Studies. Mouse breeding was conducted in the
Laboratory Animal Resources facility at Woojungbsc, Co. Ltd.
(Suwon, Korea). The mice were housed in a 12 h day/night cycle
and provided with adequate food and water. All animal experiments
were in compliance with the guidelines of the Institutional Animal
Care and Use Committee. Six- to eight-week-old male athymic Balb/c
mice were purchased from Orient Biotech (Seoul, Korea). The
athymic nude mice were inoculated with fibrin gel subcutaneously
over the right forelimb armpit by injection with MKN-45 cells (1 X
107). To determine the best condition for inoculation before gelation,
fibrinogen from bovine plasma (Sigma) containing the cell pellet and
thrombin from bovine plasma (Sigma) were mixed at optimal
concentrations to the sol/gel transition in 10—15 s. After inoculation
(day 3 and day 14), the nanocarriers (1 mg/mL injection of 100 uL
volume) were repeatedly injected subcutaneously into the same mice
via the same method used to deliver the nanocarriers locally.
Additionally, 5-ALA molecules were injected into the same mouse
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Figure 2. In vitro cellular uptake analysis. (a) Mouse fibroblast (3T3-L1). (b) Human fibroblast (HF). (c) Mouse glioma (C6). (d). Human
glioblastoma (U87-MG). (e) Human gastric adenoma (MKN-74). (f) Human gastric adenoma (MKN-45). Intracellular fluorescence signal
observation for 1, 3, and 6 h to verify the selective targeting of fluorescence turn-on signals: nucleus (DAPI staining, blue), PpIX (red). Scale bar =
50 pum. The observation process of fluorescence turn-on signals was assessed using a fluorescence microscope with an equivalent nanocarrier
concentration of 0.1 mg/mL. The CD44 receptor blocking study was performed through pretreatment with 10 mg/mL of HA for 1 h. No
fluorescent signals were observed after 3 h in the blocking groups of all cell lines. (g) The flow cytometric analysis of PpIX generated by
nanocarriers in six cell lines after uptake for 3 h: nontreatment is the negative control (black line), uptake by nanocarriers upon pretreatment with
10 mg/mL of HA for 1 h to block CD44 receptors (green line), and uptake by nanocarriers (red line). The uptake concentration was equivalent to
0.1 mg/mL. (h) Quantification of PpIX generated by selective targeting of nanocarriers in six cell lines. The vertical axis was adjusted by the ratio
PpIX PL intensity/proteins, where the PL intensity of PpIX was measured in the lyzed cells and the value of proteins in each cell was quantified
through the BCA assay. The red vertical line at 4 h indicates the replacement of medium cultured with nanocarriers to fresh medium to verify the
effect of nanocarriers on PpIX generation. Each data point indicates the mean + SEM (Table S2 vs normal cell group (3T3-L1, HF) at each time
point by multiple comparison after a repeated-measure two-way ANOVA).

models as the other control groups. The injected concentration of S- Survival Rate and Weight Variation. To monitor the
ALA (S0 pg/mL) was determined based on the results and was concentration-dependent survival rate and its consequent weight
characterized by the entrapment percentages. Fluorescence imaging variation, 21 mice were randomly divided into 3 groups (7 in each
was performed at 0, 20, 40, 60, 120, 180, and 240 min, and 24 h group) and injected with nanocarriers at different concentrations (1,
postinjection using the in vivo imaging system (IVIS Lumina XRMS, 3, and S mg/mL, respectively). The mice received an intravenous

PerkinElmer, CLS136340). The fluorescence signals were acquired
under conditions of 420/20 nm excitation and 620/40 nm emission
filters.

Immunofluorescence Assay. To determine CD44 and CD31
expression levels, the resected tumors were immunostained based on
standard immunofluorescence protocols using the following antibod-
ies: anti-CD31 antibody (rat antimouse, BD Pharmingen 553370),

administration of approximately 100 4L of nanocarrier solution. Once
a week, 4 injections were administered to each group, and the body
weights of the mice in each group was tracked during the survival
study. The mice were sacrificed 28 days after the first injection of
nanocarriers.

Statistical Analysis. For in vitro experiments (quantification of

Alexa Fluor 594 goat antirat IgG (H+L) antibody (Life Technologies, PpIX fluorescence, Table S2), data were collected as triplicates of
A-11007), and anti-CD44-FITC antibody (rat antimouse, eBio- individual experiments at each time point (n = 3). Statistical analyses
science, 11—0441—82). Prior to microscopy, the nuclei were counter- were performed using the GraphPad Prism 7 software program
stained. The stained slides were visualized under a fluorescence (GraphPad-Prism Software Inc., San Diego, CA). Data were assessed
microscope. through two-way analysis of variance (ANOVA).
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Figure 3. In vitro selectivity in a coculture model. (a) Scheme of selective targeting to cancer cells. The lighthouse represents cancer-illuminating
fluorescence signals on specific cells toward 3T3-L1 and MKN-74 cell mixtures. The inset represents the PL intensity obtained from the lyzed cells:
MKN-74 (red line) and 3T3-L1 (orange line), where the excitation wavelength was 410 nm and the emission wavelength was 635 nm. (b)
Representative merged fluorescence images of selective turn-on fluorescence signals generated by nanocarriers under the coculture condition with a
mixture of MKN-74 and 3T3-L1 cells. The fluorescence signals were observed for 1, 2, and 3 h. Scale bar = 100 gm. (c) Bright (upper) and merged
fluorescence images at low magnification, showing the selective turn-on PpIX signals in cancer cells. The inset represents the morphologies of two
cells (3T3-L1 and MKN-74) at high density displaying phenotypical differences. Scale bar = 500 ym. (d) Fluorescence images showing the ability
of selective targeting to MKN-74 cells surrounded by different densities of 3T3-L1 cells. The seeded number of MKN-74 cells was fixed to 1 X 10*
cells/well, and the seeded number of 3T3-L1 cells increased. The seeding ratio of 3T3-L1/MKN-74 varied from 1:2 to 5:1. The fluorescence
signals were observed for 1, 3, and 6 h. Nucleus (blue), F-actin (green), and PpIX (red).

B RESULTS AND DISCUSSION

Nanocarriers were mainly composed of HAs to address the
specificity. HAs provide skeletal structures of polymeric
nanocarriers and act as anti-CD44 membrane epitopes26_30
that are overexpressed in most cancer cells. Nonfluorescent S-
ALA,"?"** which is known to be transformed to a fluorescent
moiety via the biosynthesis pathway in cells, is physically
incorporated in HA nanocarriers. Once delivered to cancer
cells by receptor-mediated endocytosis, the nanocarriers turn-
on distinctive fluorescent lights as shown in Figure la. Cancer
cells can be selectively lit up by excitation, thus showing the
distinguishable light themselves. We achieved significant
enhancement of sensitivity by minimizing the fluorescence
background via a selective turn-on strategy.

The nanocarriers were manufactured via two steps: water-in-
oil (W/O) emulsification and phase transfer technique (Figure
Sla). After the W/O emulsification, a large number of particles
were trapped within the oily phase. By transferring the
entrapped particles to a water phase, large quantities of
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homogeneous particles were obtained, which showed excellent
stability for more than 6 months without diffusion of the
entrapped molecules (Figure 1b). The size of the nanocarriers,
measured by TEM, was on average 53.58 nm and displayed a
spherical shape (Figure lc, Figure Slb—e). This result was
corroborated by dynamic light scattering (Figure S1f). The
characterization results of different nanocarriers (NC1—3; size,
zeta potential, S-ALA entrapment ratio) are summarized in
Table S1. All in vitro and in vivo experiments were performed
using NC1.

To verify the release of S-ALA encapsulated inside the
structure of the nanocarriers in the cells, we performed an
enzymatic degradation test,”’ assuming the effect of HAase
(Figure 1d). The nanocarrier that was stably maintained for 24
h under different conditions began to be affected by the HAase
within 4 h. This clearly demonstrates the effect of HAase on
the nanocarrier. The nanocarrier was electrostatically en-
tangled with anionic HA polymer and S-ALA via partial
interaction through ionic bonding; thus, the cleavage of HA
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Figure 4. In vivo studies of the efficacy and toxicity of nanocarriers. (a) Description of experimental design of animal studies: in vivo fluorescence
imaging performed on two groups and in vivo toxicity test via intravenous injection performed on three groups. The total number of mice used was
29. After MKN-45 tumor inoculation (1 X 107 cells/injection), in vivo imaging system (IVIS) fluorescence imaging was performed repeatedly on
day 3 and day 14, and mice were sacrificed 24 h after the complete degradation of nanocarriers from the last injection. Experimental groups for
fluorescence imaging were administrated with 1 mg/mL of nanocarriers injected locally around the tumor site, with yellow arrows indicating the
administration spots in the photograph of the mouse with tumor inoculated subcutaneously over the right forelimb armpit. Resected tumor
specimens were examined from immunohistochemistry on day 15. (b) Scheme of selective turn-on signals on tumor lesions, leading to maximized
signals-to-noise ratio around cancerous lesions owing to no signal noise. (c) Multiple time-point in vivo fluorescence imaging via local
administration in MKN-4S tumor-bearing mice (nanocarrier administration and free S-ALA administration as the control group). IVIS fluorescence
imaging was performed repeatedly on day 3 and day 14. (d) Representative multiple time-point in vivo fluorescence images on day 14 to compare
the difference between the comparison group and control group. (e) The survival rate and (f) body weight variation in healthy mice to evaluate the
potential toxicity from nanocarriers. Twenty-one mice were randomly divided into three groups. Once a week, four repeated administrations were
given to each group, and the body weight of mice in each group was tracked during the survival study. The concentration of nanocarriers
intravenously administrated were escalated up to 1, 3, and 5 times that of the tumor mice model for fluorescence images.

polymer chains resulted in nanosized spherical structures that signals gradually appearing 3 h postuptake in four cancer cells
could be broken down, then the entrapped 5-ALA were (Figure 2c—f), suggesting the specificity of nanocarriers.
released to the cytoplasm. The percentage of 5-ALA entrapped Furthermore, if the CD44 receptors of the cells were blocked,
inside nanocarriers varied around $5%—10% (Figure S2). Once fluorescence intensity could not be observed 3 h postuptake
the nanocarriers specifically undergo CD44 receptor-mediated even in cancer cells. The cell uptake suggested from the
endocytosis, enzymatic degradation in lysosomes occurs.”*>** fluorescence microscopy was confirmed by flow cytometry
High stability in the aqueous solution and their enzymatic experiments (Figure 2g). The data not only demonstrated that
degradation property make nanocarriers ideal for long-term nanocarriers were efficiently delivered to targeted cells
storage and use. mediated via the CD44 receptor but it also suggested that
Initially, the nanocarriers did not have any fluorescence cancer cells were visualized through fluorescent turn-on signals.
signal. However, after internalization to cells via RME, released To measure the fluorescence intensity quantitatively, the
S-ALA was converted to PpIX by enzymatic degradation value of the fluorescence intensity, which is proportional to the
(Figure la, Figure S3). This specific mechanism is well-known number of cells, was adjusted. For adjustment, the PL intensity
as the pathway of heme biosynthesis.'” To determine whether value was corrected based on the quantity of protein in the cell
the nanocarriers could be selectively targeted to cancer cells, as analyzed by the BCA assay (Figure S4). The adjusted result
we examined in vitro uptake assays on six cell lines. After 6 h of shown in Figure 2g revealed that the fluorescence signals
incubation with nanocarriers, the normal fibroblast cell lines dramatically increased in cancer cells compared to normal cells.
did not display any fluorescence change in the microscope To determine whether the result was affected by nanocarriers,
images (Figure 2a,b). Conversely, we observed fluorescence after 4 h, the medium was replaced with serum-free medium
1073 DOI: 10.1021/acs.biomac.8b01690
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without nanocarriers. From this point, the signals gradually
decreased because of natural degradation.

The substances constituting the nanocarriers are nontoxic
materials, and viability assays (CCK-8) were performed to
determine the cytotoxicity of nanocarriers in proportion to the
concentration and time (Figure SS). Nanocarriers are mainly
composed of two natural components, HA and S-ALA, which
already exist in the body, thus they can be naturally degraded.
Even if the cells were introduced at a high concentration, their
nontoxic effects were confirmed.

In real tumor microenvironments, cancer cells are
surrounded by various cells such as fibroblasts, adipocytes,
and endothelial cells with extracellular matrix components.**”
We studied in vitro coculture selective targeting models”” to
evaluate whether actual targeting was possible for cancer cells
surrounded by normal cells (Figure 3a). Regarding cell
morphologies, MKN-74 cells showed a tendency to agglom-
erate, whereas the spreading pattern of fibroblasts, which
showed a typical spindle-shape morphology, was different;
thus, we hypothesized that the effect of nanocarriers can be
distinguished based on phenotypic traits (Figure S6).

In a cancer/normal cell environment (MKN-74/3T3-L1),
we observed that agglomerated cells gradually emitted
fluoresence signals (Figure 3b, Video S1). Cells were stained
with DAPI and phalloidin-AlexaFluor488 (nuclei (blue) and
actin filaments (green), respectively). This showed the targeted
efficiency of nanocarriers and selective turn-on fluorescence
signals. In addition, in low resolution microscope images, the
agglomeration of MKN-74 cells showed distinguishable strong
fluorescence signals without background noise (Figure 3c).
Regardless of the number of fibroblast cells near MKN-74 cells
and the total number of cells seeded on the dish, the same
result was obtained (Figure 3d, Figure S7). Cocultured
conditions with cancer/normal cells (MKN-45/HF) corrobo-
rated this selectivity to cancer cells (Figure S8). In contrast,
fluorescence signals appeared on all cells over time in a cancer/
cancer cell environment (C6/MKN-74) (Figure S9). Taken
together, the results demonstrated that the targeting efficiency
of nanocarriers is excellent, even in a coculture environment.

Our goal was to precisely turn-on targeted cancer lesions in
vivo. Accordingly, experimental procedures were designed for
repeated local injection around the tumor site (Figure 4a).
After inoculation of MKN-45 cells, the time interval of
injection was set sufficiently to eliminate the effects of
nanocarriers on mice. Turn-on signals have the potential to
minimize background noise, which results in much higher
sensitivity.”** As depicted in Figure 4b, if the fluorescence
signal was only turned on in tumor lesions, it would maximize
the signal-to-noise ratio. After local injection of the nano-
carrier, strong fluorescent signals for tumor inoculated lesions
were gradually turned on, as expected (Figure 4c,d).
Particularly, we observed that fluorescence intensity was
maximized between 3 and 4 h. No fluorescent signals could
be observed in nontumor bearing mouse injected via the same
method used to deliver nanocarriers (Figure S10). By contrast,
all mice in the controls, that had administration of free 5-ALA,
showed nondistinctive fluorescence features. From the
fluorescence immuno-labeling analysis, CD44 and CD31
expression levels were confined to the resected tumor section
(Figure S11).

During the experiment of repeated local injections, all mice
survived without any changes in their physical activity. As
potential toxicity is fundamentally important, a toxicological
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test was conducted via intravenous administration of nano-
carriers in nontumor bearing healthy mice. Even when
administrated at concentrations up to five times that of the
IVIS image, all mice were unaffected by the nanocarriers
(Figure 4e,f). Nanocarriers proved to have no toxic effect,
which was the same result as that found from the in vitro study.

5-ALA is already used in clinical applications.” However, its
clinical use is highly limited to malignant tumor resection (e.g.,
glioma and glioblastoma in WHO grade IIT and IV)*” and the
beneficial effects of S-ALA have not been clearly confirmed in
clinical practice.”” Little is known regarding its delivery and
accumulation mechanism. The most prevalent and widely
accepted hypothesis suggests that the enzyme configuration in
malignant cells plays a role; however, this is still up for
debate.'”*" Zwitterionic 5-ALA alone does not show selectivity
to cancer cells owing to a lack of targeting moiety, and it is not
permeable to lipid bilayers.*’ Our study aimed to validate the
selective delivery of S-ALA via nanocarriers using an
engineered approach rather than support either of the
hypotheses above. Hence, we presented selective internal-
ization to cancer cells and tumor lesions that were
substantiated by the data, where the anti-CD44 moiety carried
RME internalization and released 5-ALA in the cytoplasm.
Regardless of the current controversy on PpIX accumulation in
cancer cells, if nanocarriers successfully deliver S-ALA to
cancer cells, this accumulated fluorescence feature would be a
great advantage.

The concept of nanoparticles in tandem with 5-ALA has
been demonstrated to actively deliver to cancerous lesions.
However, the reported strategies have not yet solved the
associated problems of efficacy, safety, and mass-produc-
tion.'”* In addition, the cellular effects are not yet fully
understood regarding the chemical modification of 5-ALA or
ALA derivatives on biological aspects. Metabolic disorders
such as porphyria are closely associated with defects in heme
biosynthesis.*” Although the heme biosynthesis route has been
well studied, it might not be adequate for the chemical
modification used for the enhanced delivery of S-ALA.
Therefore, the best method is to deliver it without
modification because 5-ALA and its derivatives are natural
materials in the body.

Our results from the coculture targeting models demon-
strated remarkable selectivity of the nanocarrier in a coculture
environment. Thus, our methods offer a new strategy beyond
conventional in vitro testing that efficiently targets specifically
single cell lines. However, it would not be negligible with
regard to cell-to-cell communication, cytokine, and other
biological factors.>® In addition to the in vitro models, we
studied the effect of repeated local injections to demonstrate
the efficacy and validity of our nanocarriers in an in vivo mouse
model. Among many routes of administration, the intravenous
route is commonly used for injections in small rodent models;
however, in our study, we observed a decreased efficacy with
highly delayed turn-on signals to tumors. Much evidence has
suggested that the delivery efficacy of nanoparticles into
tumors remains a major challenge for the clinical translation of
nanoparticles.”> Considering many biological factors in the
body (e.g., blood circulation, immune response, renal
clearance, and so on), more research is still required to
validate the animal model that is most adequate and ideal for
tumor-targeting studies. There is plenty of scope for future
research regarding fluorescence-based precise diagnosis, real-
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time tumor resection, and cytoreductive treatment with
photodynamic therapy.

B CONCLUSIONS

The present study described the design of a polymeric
nanocarrier encapsulating fluorophore precursors. Our ap-
proach to the fabrication of the nanocarrier would be very
simple to mass-produce. The nanocarrier is highly stable,
allowing for long-term storage and reduction in manufacturing
costs. Evidently, the results of both in vitro and in vivo studies
demonstrated nontoxicity, targeting efficiency (selectivity), and
selective navigation of turn-on signals (sensitivity). Therefore,
our strategies are expected to escape the addressed issues in
the field and will be extremely fast in the application of the
next steps. The results from the present study provide a
perspective for next generation imaging agents in cancer
diagnosis. Future studies should focus on demonstrating in
vivo accurate surgical resections as well as strive to extend
cytoreductive treatment with photodynamic therapy to prevent
tumor recurrence.
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