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Abstract: Polydopamine (PDA), a biomaterial inspired by marine mussels, has attracted interest in
cancer nanomedicine due to its photothermal properties, nanoparticle coating, and pi-pi stacking-
based drug encapsulation abilities. Despite numerous one-pot and post-polymerization modifications,
PDA copolymers have not been sufficiently studied in the context of stabilizing hydrophobic drugs in
the process of nanoprecipitation. In this study, we tested combinatorial panels of comonomers with
PDA to optimize drug loading efficiency, particle size and stability of nano formulations made via
drug nanoprecipitation. As a selection criterion for optimal comonomers, we used drug aggregation-
induced emission (AIE). We identified 1,1,2-Trimethyl-3-(4-sulfobutyl)benz[e]indolium (In820) as
a novel and highly useful comonomer for catecholamines and optimized the conditions for its
incorporation into PDA copolymers used for drug nanoprecipitation. Surprisingly, it was superior to
polyethylene glycol modifications in every aspect. The leading copolymer, poly(dopamine)-poly(L-
dopa)-co-In820 (PDA-PDO-In820 1:1:1), was shown to be a good stabilizer for several hydrophobic
drugs. The resulting nanoparticles showed stability for up to 15 days, high encapsulation efficiency
of at least 80%, low toxicity, and high antitumor efficacy in vitro. Nanoprecipitation of hydrophobic
drugs can be greatly enhanced by the use of PDA copolymers containing In820, which are easy-to-
prepare and highly effective stabilizers.

Keywords: polydopamine; nanoparticles; nanoprecipitation; drug delivery; nanomedicine; indolium;
colon cancer; aggregation-induced emission

1. Introduction

Polydopamine (PDA) is highly popular in biomedical research due to its simple
preparation, good biocompatibility, and versatility in bioconjugation [1,2]. Although the
specific synthetic mechanism and absolute structure of PDA auto-oxidative polymerization
in alkaline buffers have not been clarified, it has been deemed useful in many fields, such
as energy, environment, and biomedicine [3]. In biomedicine, specifically, it has attracted
significant interest in the field of tumor-targeted drug delivery due to its photothermal
abilities, nanoparticle coating, and drug encapsulation via pi-pi stacking [4,5].

Compared to other drug delivery systems, PDA has several advantages. First, the
preparation conditions of PDA are simple and mild [2]. No organic solvent is required for
PDA synthesis, providing great convenience for its research and application. In addition,
due to the superior adhesion of PDA, it is also possible to coat various types of organic
and inorganic nanoparticles [6]. Furthermore, the catechol and anthracene fractions found
on PDA surface allow secondary modification with thiol or amino group-constraining
compounds through the Michael addition reaction or Schiff base reaction under alkaline
conditions [1,7].

Though as a homopolymer it is incredibly useful for coating existing materials, it is
rarely used alone for systemic administration of drug delivery systems. The most common
post-polymerization modification for PDA-based systems is PEGylation [8,9], which has
been used, for example, for delivery of doxorubicin and hydroxycamptothecin with high
encapsulation efficiency [10].
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Rather than post-polymer modifications, one-step methods have been recently pro-
posed for the preparation of PDA copolymers with comonomers containing catechol and
acrylate or amine groups. An interesting example is polydopamine-polyethyleneimine
(PDA-PEI) copolymer which has intrinsic fluorescence orders of magnitude more efficient
than PDA and melanin [11]. However, PDA copolymers have not been studied in the
context of drug nanoprecipitation. In this method, the drug is dissolved in an organic
solvent and added gradually to an aqueous solution [12,13]. The nanoparticles will form
spontaneously in the presence of a stabilizer, resulting in a high encapsulation ratio of
the drug in the nanoparticles [14]. Most works propose PDA shells that are loaded with
drug instead of the co-precipitation method [10]. Since micelles and liposomes usually
have a low encapsulation ratio relative to nanoprecipitation [13], we hypothesized that
incorporating the advantages of dopamine copolymers with nanoprecipitation can improve
the ability to stabilize nanoparticles for many drugs.

We used drug aggregation-induced emission (AIE) to analyze the overall stability of
nanoparticles. AIE refers to increased fluorescence emission in the aggregated state over
the soluble state [14-17]. If an AIE drug is fluorescent, we assume the nanoparticles were
not stable and therefore it aggregated [14].

In this study, we screened for comonomers using AIE and identified a new hybrid
of catecholamines with 1,1,2-Trimethyl-3-(4-sulfobutyl)benz[e]indolium (In820) [14] and
the conditions for its formation. This material is poly(dopamine)-poly(L-dopa)-co-In820
(PDA-PDO-In820). We characterized the resulting copolymer and nanoparticles stabilized
by it, as well as tested their efficacy in vitro. The particles are stable, have high drug loading,
and are at least as good as free drugs in 2D and 3D models.

2. Results and Discussion
2.1. Finding the Optimal Conditions for Polymerization

Six catecholamines and related aromatic amine monomers were tested in five dif-
ferent conditions and DDW as control (Figure 1a). Besides dopamine, we tested L-dopa,
norepinephrine, serotonin, tyramine, and tryptamine. All monomers were at a final con-
centration of 2 mg/mlL, as described in previous studies [18]. Tris and sodium bicarbonate
buffers (pH 9) are well-known alkaline buffers for polymerization of catecholamines. They
were compared to a NaOH solution at the same pH level and a hydrogen peroxide solution
to test the effect of oxidation. In order to evaluate the progression of the reactions, the ab-
sorbance of the solutions was measured over 4.5 h. As expected, the most dominant change
was in Tris and bicarbonate buffers [4] (Figure 1b,c, left panels). The process, observed
by the change in color, was significantly faster in the sodium bicarbonate buffer than in
tris buffer. Therefore, we chose this buffer for the copolymerization process as well. We
measured the emission spectra of dopamine (ex. at 400 nm) and L-dopa (ex. at 420 nm)
and found that they match the expected peaks of catecholamines after polymerization [19]
(Figure 1b,c, middle panels). ATR analysis of poly(dopamine) and poly(L-dopa) (PDO) in
comparison to the monomers (Figure 1b,c, right panels) revealed peaks at 2936 and 3335
cm ™!, which correlate to the primary amine in dopamine. The decrease in the transmittance
after the polymerization indicates the expected ring closing. The change in the transmit-
tance at 2400-3500 cm ! hints at the disappearance of the carboxylic acid in L-dopa. It was
suggested that part of its oxidation process involves losing the carboxylic acid [20].

The change over time in the absorbance spectra of the different monomers in sodium
bicarbonate buffer is shown in Figure 1d. Dopamine and L-dopa polymerization process
and change of color are faster and more apparent than norepinephrine and serotonin, while
tyramine and tryptamine did not change color at all. The absorbance spectra of PDA
and PDO correlate to the expected spectra for poly(catecholamine)s [21]. We hypothesize
that the ability to polymerize under these conditions relates to the monomers’ structure.
Dopamine, L-dopa, and norepinephrine are all catecholamines and have two hydroxyl
groups on the benzene ring, while serotonin and tyramine have only one hydroxyl group,
and tryptamine has no OH groups. The polymerization process is not fully understood but
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is known to involve the oxidation of the monomers and formation of a quinone, which can
only happen with two hydroxyls [2,22].
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Figure 1. Polymerization process. (a) Different polymerization conditions and their impact on
the polymerization of catecholamines after 4.5 h. Abbreviations: DA = dopamine, DO = L-dopa,
NE = norepinephrine, SE = serotonin, TY = tyramine, Tryp = tryptamine. (b,c) Absorbance, emission,
and ATR spectra of dopamine/PDA (b) and L-dopa/PDO (c). (d) Absorbance spectra of the reactions
over time in bicarbonate buffer (0.1 M) and the reactant structures.

2.2. Optimal Copolymer for Hydrophobic Drugs Stabilization

Poly(catcholamine)s are hydrophobic polymers and will not be able to stabilize hy-
drophobic drugs because they precipitate on their own in water. Therefore, we sought a
comonomer that would prevent the precipitation of the copolymer, as well as stabilizes
nanoparticles of hydrophobic drugs prepared by nanoprecipitation. To find the optimal
monomer combination, a panel of comonomers was tested. The panel included known
PDA comonomers and modifiers such as PEG-SH [23], PEG-methacrylate [24,25], and
HPMA [26]. In addition, we tested sulfated indolium molecules, which are known to react
with aldehydes in fluorescent dye synthesis [27]. We hypothesized that if PDA can react
with thiols, amines, and methacrylates it might be able to react with indoliums as well.

We first tested the copolymer’s ability to stabilize nilotinib, a hydrophobic kinase
inhibitor, by utilizing its aggregation-induced emission (AIE) properties. Based on previ-
ous work in our lab, we precipitated nilotinib with bicarbonate buffer and the different
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copolymers, in a 96-well plate and measured the relative surface area (confluence) that
is blue under DAPI filter (ex. at 377 nm, em. at 477 nm), where higher confluence cor-
relates with larger particle size. An illustration of the colors formed after 4 h reaction is
shown in Figure 2a (left panel). Some of the wells turned brown due to the catecholamines
polymerization reaction, while wells containing In820 and In783 turned purple and red,
respectively, since they are precursors for dyes. In780 is also a dye precursor, its reaction in
the bicarbonate buffer with and without the catecholamines formed different colors. Next,
we added nilotinib to all the wells, and the aggregation confluence was normalized to nilo-
tinib aggregates in sodium bicarbonate buffer (0.1 M) and shown in Figure 2a (right panel).
The lowest intensity measured was in copolymers containing In820 and SDS, indicating
their superiority over PEG and HPMA. However, SDS containing copolymers resulted in
aggregation after a nanoparticle purification process, thus we decided to further study
In820 copolymers with different catecholamines and not SDS.
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Figure 2. Selection of top copolymer. (a) Left comonomers matrix, illustration of colors after a
4 h reaction in sodium bicarbonate buffer 0.1 M. Right-normalized confluence of blue emission at
477 nm with nilotinib. (b) Average diameter of sorafenib and nilotinib nanoparticles formulated with
different polymers. (c) Polydispersity index (PDI) of nanoparticles made with different copolymers.
(d) Stabilization over time of nilotinib nanoparticles formulated with different stabilizers.

We further validated these results and measured the ability of different PDA copoly-
mers to stabilize sorafenib and nilotinib with dynamic light scattering (Figure 2b,c). So-
rafenib, like nilotinib, is a hydrophobic multi-kinase inhibitor used extensively in nanopar-
ticles made via nanoprecipitation. According to previous studies, sorafenib is more likely
to form stable nanoparticles than nilotinib [13]. As mentioned above, the homopolymers of
dopamine, L-dopa and norepinephrine were indeed unable to form stable nanoparticles
with sorafenib and nilotinib and precipitated on their own. Surprisingly, PEGylation of the
polymers did not succeed in stabilizing sorafenib or nilotinib. The only copolymers which
stabilized both drugs in nanoparticles smaller than 150 nm and with polydispersity index of
around 0.25 were those containing In820 (Figure 2b,c). They were also the only copolymers
that were completely soluble in water. We focused on combinations without norepinephrine
due to the slow polymerization kinetics. To further evaluate the comonomers, we measured
the stability of nilotinib nanoparticles over long time periods stabilized by either IR783,
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PDO-In820, PDA-In820, or PDA-PDO-In820 (Figure 2d). We found that nanoparticles
stabilized with IR783, aggregated within the first 24 h while nanoparticles stabilized by
the In820 containing copolymers remained stable for longer than two weeks. The optimal
formulation with the smallest size and highest encapsulation ratio was PDA-PDO-In820.
The encapsulation ratios with PDA-In820 and PDO-In820 were fairly low only 45% and
12% (respectively) compared to 89% for the PDA-PDO-In820 nanoparticles, and their size
remained lower than 150 nm after 17 days.

Then, we compared the three leading copolymers with nine different hydrophobic
drugs. We tested a panel of drug formulations with PDA-PDO-In820, PDA-In820, or
PDO-In820 and monitored their stability over three days (Figure 3). Drugs that were
stable for two days were measured on the third day as well. Nilotinib and cyclosporine
are the only drugs that were successfully stabilized by all three polymers for three days.
PDO-In820 was the least successful among the three of them. It was only able to stabilize
nilotinib and cyclosporine for three days, while irinotecan did not form nanoparticles at all.
The difference in the stabilization ability between PDA-In820 and PDA-PDO-In820 was
evident with trametinib. The nanoparticles aggregated after two days when stabilized with
PDA-In820 but remained stable for three days when stabilized by PDA-PDO-In820.
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Figure 3. Three-day stability of 9 drugs stabilized by (a) PDA-In820, (b) PDA-PDO-In820, and
(c) PDO-820.

The final comparison was based on the morphology of the nanoparticles as captured
by SEM imaging (Figure 4). For this, we chose sorafenib as the model drug. With all three
stabilizers, the particles were spherical. Some aggregates were seen, probably due to the
sample preparation and drying processes. The sizes measured in the SEM images were
close to the expected sizes: 61 £ 16 nm for PDA-PDO-In820, 64 £ 17 nm for PDA-In820,
and 67 & 22 nm for PDO-In820. The differences between the DLS and SEM measurements
were less than 25%. Based on these images, we conclude that the morphology and size of
the three formulations are the same.

PDA-In820 PDO-In820

o. 5

.
.
(Y

Figure 4. HR-SEM images of sorafenib nanoparticles formulated with (left to right) PDA-PDO-In820,
PDA-In820, and PDO-In820, scale bars = 200 nm.
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2.3. Optimization of PDA-PDO-In820 Synthesis

After we established that PDA-PDO-In820 can stabilize the largest variety of drugs,
forms stable nanoparticles for the longest periods of time, and has the highest encapsula-
tion efficiency, we sought to further characterize it and optimize its synthesis. Since the
structures of polydopamine and poly(L-dopa) are unknown, we did not aspire to identify
the exact structure of the copolymer.

Different ratios of the three monomers were tested and showed similar or inferior
stabilizing abilities. The 1:1:1 ratio was chosen due to superior stabilization ability and
reproducibility. We tested both the size and relative drug encapsulation in the nanoparticles
over time from the beginning of the polymerization process. We noticed that the polymer
requires an aging period of a week before it can form stable nanoparticles with high drug
loading. The drug loading calculation was done for nilotinib nanoparticles (Figure 5a,b).
In the first hour and a half of the polymerization process, its precipitation capability was
not efficient. Even though the polymer solution had dark color after the first 15 min, the
drug-containing solution was still pale, with a total drug loading of ~10%. After 24 h, the
nanoparticle suspension had a pale brown color with a drug loading of 55%. Only after
seven days, we saw a significant increase in both the drug loading (78%) and the color of
the suspension.

We also measured the size and stability of ponatinib nanoparticles with different
reaction times (Figure 5c). When formulating nanoparticles of ponatinib with freshly
made copolymer (up to 5 h from polymerization initiation), microparticles are formed
instead of nanoparticles. Particles stabilized with PDA-PDO-In820 5 h and 24 h from the
polymerization initiation were in the desired size range of below 150 nm.

During this process, we also found that different drugs form better particles by differ-
ent purification methods. Nilotinib nanoparticles purified in centrifugation were not stable
for more than a day, while their stability was maintained for 2 weeks when purified in a
Sephadegx G25 PD10 desalting column. On the other hand, ponatinib only forms stable
nanoparticles when purified in centrifugation. We performed a cumulative drug release
profile for ponatinib nanoparticles stabilized with PDA-PDO-In820 and found a relatively
linear profile with 80% release within 20 h (Figure 5d).

2.4. In Vitro Toxicity and Antitumor Efficacy Experiments

In order to evaluate the safety of our newly formulated polymers, we tested in vitro cy-
totoxicity of the three leading copolymers using mouse embryonic fibroblast cells (3T3 cells)
as a non-cancerous model (Figure 6). The copolymers were purified with Sephadex
G25 columns and were serially diluted in a 96-well plate seeded with the cells. We used
two separate viability assays: MTT and an image-based cell counting method using auto-
mated microscopy. In the MTT assay, we found no reduction in cell viability over control,
even in the highest concentration of polymers (Figure 6a). Similar results were evident
when we performed cell counting under the same experimental conditions (Figure 6b). As
the image-based cell counting is a non-invasive procedure, we followed cell proliferation
over time and found that in agreement with the MTT assay, the copolymers are not only
non-toxic, but they are also non cyto-static and allow cell proliferation, even in the highest
concentration (Figure 6¢c—e). The cells’ morphology was not changed following incubation
with the polymers, though at higher concentrations, intracellular dark vesicles could be
observed, indicating cellular uptake through the endo-lysosomal pathway [28] (Figure 7).

To further demonstrate the non-toxic effect of the copolymers, enzalutamide nanoparti-
cles were formulated and tested as non-toxic particles. It is a selective competitive androgen
receptor inhibitor used for prostate cancer which is not expected to have a toxic impact on
fibroblast cells that are not dependent on this receptor [29,30]. Free enzalutamide had slight
toxicity in high concentrations, which was attributed to the >5% DMSO in the medium
(Figure 8a). In high concentrations (0.1 and 0.01 mg/mL) of the nanoparticles, growth
inhibition and cell death were observed (Figure 8b—e). Similarly to the images in Figure 7,
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intracellular dark vesicles were seen with higher concentrations and might have caused the
observed cell death (Figure 9).
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Figure 5. Characterization and optimization of PDA-PDO-In820. (a) Nilotinib nanoparticles for-
mulated during different periods of time since polymerization initiation. (b) Encapsulation ratios
of nilotinib nanoparticles from (a). (c) Size of ponatinib nanoparticles formulated in different time
points during the aging process of PDA-PDO-In820. (d) Cumulative drug release profile of ponatinib
nanoparticles using PDA-PDO-In820. Error bars represent standard deviation.
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Figure 6. In vitro toxicity assay in mouse embryonic fibroblasts, 3T3 cells. (a) MTT after 3 days of
incubation with different copolymers. (b) Cell viability assay using image-based cell count after
3 days of incubation with different copolymers. (c—e) Image-based cell counting at various times of
incubation with different copolymers. Error bars represent standard deviation.

Antitumor efficacy experiments were done on HCT116 cell line. Since the main
driving mutation in this cell line is in the Ras proto-oncogene, it is known to be sensitive
to trametinib [31]. Sorafenib, a multi-kinase inhibitor, was also tested as a less efficacious
drug [32]. Both drugs were tested as free drugs and as nanoparticles stabilized by PDA-
PDO-In820 on 2D and 3D in vitro models.

Both formulations were imaged in HR-SEM (Figure 10a) and demonstrated that the
nanoparticles are spherical. However, some aggregates are visible, which might be ac-
counted for by the sample preparation technique for the imaging. The average trametinib
nanoparticles size, according to the SEM images, is 68 nm, and, according to DLS measure-
ments, is 130 &+ 7 nm. While for sorafenib nanoparticles, the DLS and SEM measurements
are more in agreement 74 and 61 nm, respectively. Since particles are expected to shrink in
size during the SEM sample preparation process, these results are logical.

The results shown in Figure 10b,c are normalized to the encapsulation efficiency of
the nanoparticles, which according to the UHPLC measurements, is 90% for trametinib
and approximately 80% for sorafenib. In 2D as well as in the 3D cell cultures, the trend is
very clear, trametinib is much more efficacious in killing this cell line (p = 0.0125, 0.0024
respectively). Moreover, this trend and the drugs’ efficacy are maintained when encap-
sulating them in nanoparticles. After several days of incubation with the treatment, we
noticed differences in the morphology of the spheroids that derive from their viability. The
spheroids grew in the non-treated wells or wells where the treatment was not effective
enough but shrunk or maintained their size in other wells (Figure 10d,e). The differences
between the high concentrations of the drugs in both free drugs and nanoparticles are more
significant in trametinib than sorafenib, as expected. In high concentrations, the effect and
change in size is significant in both trametinib (p < 0.005) and sorafenib (p < 0.05) treatments.
While the difference in size between the control and the low sorafenib concentration is
non-significant, the difference between it and low trametinib concentration is (p < 0.05).
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Figure 7. Images of 3T3 cell morphologies incubated with various concentrations of the different
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Figure 8. In vitro toxicity assay of enzalutamide nanoparticles in mouse embryonic fibroblasts, 3T3
cells. (a) Image-based cell counting at various times of incubation with free enzalutamide. (b) MTT
viability assay after 3 days of incubation with free enzalutamide and its nanoparticles. (c—e) Image-
based cell counting at various times of incubation with the different enzalutamide nanoparticles.
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Figure 9. Images of 3T3 cell morphologies incubated with nanoparticles at various concentrations of
the different copolymers and free enzalutamide. Scale bar = 100 um.

To conclude, in this work, we have discovered PDA-PDO-In820, which is highly useful
for stabilization and encapsulation of hydrophobic drugs. It was shown to be non-toxic
and safe in fibroblasts in vitro, and efficacious in delivering drugs to colon cancer cells. The
formulations present a similar antitumor impact as the free drug trametinib both in 2D and
3D in vitro models without free polymer toxicity.
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Figure 10. Cell viability assays in 2D and 3D models of HCT116. (a) HR-SEM images of the trametinib
and sorafenib nanoparticles stabilized by PDA-PDO-In820, scale bar = 100 nm. (b) CTG 2D results
of HCT 116 cells after 4 days of treatment. abbreviations: FD = free drug, NPs = nanoparticles.
(c) CTG 3D results of HCT 116 spheroids after 5 days of treatment. (d) Change in spheroids size
during the treatments. (e) Spheroids images on the 1st and 5th days of the treatment. Drugs and NPs
concentrations = 1073 mg/mL, scale bar = 500 pm.

3. Methods
3.1. Materials and Reagents

All non-drug chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA).
DMSO was purchased from Carlo Erba (Emmendingen, Germany). All drugs were pur-
chased from LC-Laboratories (Woburn, MA, USA) and MedChemExpress (Monmouth
Junction, NJ, USA).

3.2. Polymerization Process

Conditions matrix: Dopamine (Sigma Aldrich), L-dopa (Sigma Aldrich), norepinephrine
(Sigma Aldrich), serotonin (Holland Moran), tyramine (Sigma-Aldrich), and tryptamine
(Holland Moran, Yehud, Israel) were dissolved in DDW to a concentration of 4 mg/mL.
Polymerization conditions concentrations: Tris(hydroxymethyl)aminomethane (tris buffer,
Sigma-Aldrich) 0.005 M, sodium bicarbonate buffer (Biolab, Jerusalem, Israel) 0.1 M, NaOH
(Biolab) 10~° M, hydrogen peroxide (H,O,, Merck, Kenilworth, NJ, USA) 15% in DDW.

Comonomers matrix: The reactions were in sodium bicarbonate buffer 0.1 M. Polyethy-
lene glycol-SH (PEG-thiol, Mn = 1 kDa, Creative PEGWorks, Chapel Hill, NC, USA),
1,1,2-Trimethyl-3-(4-sulfobutyl)benz[e]indolium, inner salt (In820, Sigma-Aldrich), 2,3,3-
Trimethyl-1-(4-sulfobutyl) indolium (In783, Sigma-Aldrich). 1,2,3,3-Tetramethyl-3H-indol-
1-ium iodide (In780, Holland Moran), N-(2-Hydroxypropyl) methacrylamide (HPMA,
Sigma-Aldrich), Sodium Lauryl Sulfate (SDS, Spectrum, New Brunswick, NJ, USA) were
dissolved to a concentration of 2 mg/mL and Polyethylene glycol methyl ether methacry-
late (PEG-MA, Mn = 2 kDa, Sigma-Aldrich) in a final concentration of 7.5 mg/mL. Two
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hundred microliters of the monomer-comonomer (50:50% v) solution were added to wells
in a 96-well plate and incubated covered at room temperature for 4 h.

Polymerization of copolymers: For the dual copolymers, 4 mg of each monomer were
dissolved in 1 mL of sodium bicarbonate buffer (0.1 M) and mixed, final concentration
of each monomer was 2 mg/mL. For the triple copolymers, 6 mg of each monomer were
dissolved in 1 mL of sodium bicarbonate buffer (0.1 M) and mixed, final concentration
of each monomer 2 mg/mL. The copolymers were shaken at 800 rpm for 4 h at room
temperature, stored in a dark place, and aged for 7 days before used.

3.3. Absorbance Measurements

Absorbance and emission spectra were evaluated with Synergy H1 (BioTek® Santa
Clara, CA, USA) plate reader. Absorbance was measured every 30 min and emission spectra
were measured 4.5 h from the beginning of the polymerization process, each polymer was
excited according to its absorbance spectra.

3.4. ATR-FTIR

Samples were lyophilized by Freeze zone 2.5 (Labconco, Kansas City, MO, USA)
at —54 °C, 0.01 mbar for 48 h. Transmittance was measured in Bruker’s (Billerica, MA,
USA) Fourier transform infrared (FT-IR) Alpha at 400-4000 cm ! to identify the chemical
signature of the polymers. The measurements were done at the Chemical and Surface
Analysis Lab at The Schulich Faculty of Chemistry, the Technion.

3.5. Imaging Fluorescent Drug Aggregates with Automated Microscopy

To image fluorescent drug aggregates, 10 uL of nilotinib was added (1 mg/mL) to
60 pL bicarbonate buffer (0.1 M) and 20 pL of the copolymers to wells in a 96-well plate.
The wells were imaged in the DAPI channel (Ex 377 nm Em 447 nm) of LionHeart (BioTek®)
with a 10 ms exposure 10% digital gain, 100% LED intensity, and image-based autofocus.
AlIE effect quantification was done by calculating the relative confluence of blue emission
in each well compared to nilotinib aggregates in water.

3.6. Preparation of Nanoparticles

Drugs dissolved in DMSO (10 mg/mL) were added under slight vortex to aqueous
dye/copolymer solution, buffered with 0.1M sodium bicarbonate. IR783 (Sigma-Aldrich)
and the polymers’ concentrations are 2 mg/mL. The solution was either centrifuged
(30,000x g, 15 min, R.T.) and the pellet was resuspended in 1ml of DDW or purified
using a PD-10 desalting column (GE Healthcare, Chicago, IL, USA) and 1.7 mL of eluent
was collected. If the particles were cleaned in centrifuge, the pellet resuspension was soni-
cated using Sonics” (Newtown, CT, USA) Vibra-cell ultrasonic processor (20% amplitude,
3 s pulses) until homogenous.

3.7. Characterization of Nanoparticles

Size: Dynamic light scattering (DLS) measurements were conducted using a Zetasizer
Nano ZS (Malvern Panalytical, Malvern, UK).

Drug loading: Nanoparticles diluted 1:10 in acetonitrile:ethanol (50:50) solution were
measured with ultra-performance liquid chromatography (Acquity arc UHPLC, Waters
Corp, Milford, MA, USA) using a CORTECS C18 (4.6 x 50 mm 2.7 pm) column.

3.8. HR-SEM

Two microliters of the nanoparticle solution were applied to a silicon wafer and
placed in a desiccator under vacuum for 72 h for dehydration. High-resolution scanning
electron microscopy (HR-SEM) imaging was performed by the Technion EMC, the Electron
Microscopy Center on a Zeiss Ultra Plus high-resolution SEM (Oberkochen, Germany),
equipped with a Schottky field-emission gun. Specimens were imaged at acceleration
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voltages of 1.3 kV and a working distance of 2.4 mm. The Everhart Thornley (“SE2”)
secondary electron imaging detector was used.

3.9. Cell Cultures

3T3 cells were provided by the Heller lab at MSKCC, and HCT 116 cells were a kind
gift provided by the lab of Moshe Elkabets, Ben-Gurion University, Israel. The cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM, Sartorius, Goettingen, Germany)
supplemented with 10% FCS, 2 mM L-glutamine, Penicillin G Sodium Salt: 100 units/mL
and Streptomycin Sulfate: 0.1 mg/mL (pen-strep). All cells were incubated at 37 °C with
5% CO, and 65% humidity.

3.10. Polymers Toxicity Assay in 2D

3T3 cells were seeded in 96-well plates at a 30% confluency (6000 cells per well)
and allowed to adhere for 24 h. Polymers were purified with Sephadex G25 columns
(PD10 desalting column), nanoparticles were suspended in DDW while the free drug
was dissolved in DMSO. Untreated cells (control) were used to establish 100% viability.
The effect on cell viability was measured with MTT (5 mg/mL, Glentham Life Sciences,
Corsham, UK).

3.11. Cell Viability Assay in 2D

HCT 116 cells were seeded in 96-well plates at a 30% confluency (5000 cells per well)
and allowed to adhere for 48 h. All drugs were dissolved in DMSO, nanoparticles were
suspended in DDW, and added to the wells. Untreated cells (control) were used to establish
100% viability. The effect on cell viability was measured with Promega® (Madison, W1,
USA) CellTiter-Glo® (CTG) 2D cell viability assay.

3.12. Cell Viability Assay in 3D

HCT 116 cells were seeded in 96-well round bottom ultra-low attachment plates
(1000 cells per well) and allowed to form spheroids for 72 h. All drugs were dissolved in
DMSO, nanoparticles were suspended in DDW, and added to the wells. Untreated cells
(control) were used to establish 100% viability. The effect on cell viability was measured
with Promega® CellTiter-Glo® (CTG) 3D cell viability assay.

3.13. Drug Release Profile

Ponatinib nanoparticles were incubated in serum-containing DMEM (pH 7.4) at 37 °C
at a concentration equivalent to 50 M of drug. The amount of released drug was deter-
mined by centrifugation at 3000 rcf for 10min followed by extraction of the drug from
the supernatant into DMSO and fluorescence measurements at A-excitation = 370 nm
A-emission = 450 nm using a plate reader (BioTeK SynergyN1). All experiments were
carried out in duplicates.

Author Contributions: Conceptualization, Y.S.; methodology, D.N.; validation, D.N., Y.H., H.S. and
M.A; formal analysis, D.N.; writing—original draft preparation, D.N.; writing—review and editing,
Y.H., H.S. and M.A ; supervision, Y.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was supported by Israel Science Foundation grant #901/91.
Data Availability Statement: Data can be retrieved from corresponding author upon reasonable request.

Acknowledgments: The authors would also like to thank Maria Koifman Khristosov from the
Technion EMC-The Electron Microscopy Center (Haifa, Israel) for assisting with the SEM imaging.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.



Int. . Mol. Sci. 2022, 23, 12420 14 0of 15

References

1. Lee, H,; Dellatore, S.M.; Miller, W.M.; Messersmith, P.B. Mussel-Inspired Surface Chemistry for Multifunctional Coatings. Science
2007, 318, 426-430. [CrossRef]

2. Lyu, Q,; Hsueh, N.; Chai, C.L.L. Unravelling the polydopamine mystery: Is the end in sight? Polym. Chem. 2019, 10, 5771-5777.
[CrossRef]

3. Liu, Y;; Ai, K;; Ly, L. Polydopamine and Its Derivative Materials: Synthesis and Promising Applications in Energy, Environmental,
and Biomedical Fields. Chem. Rev. 2014, 114, 5057-5115. [CrossRef]

4. Ball, V. Polydopamine Nanomaterials: Recent Advances in Synthesis Methods and Applications. Front. Bioeng. Biotechnol. 2018, 6,
109. [CrossRef] [PubMed]

5. Batul, R; Yu, A.; Bhave, M.; Khaliq, A. Synthesis of Polydopamine Nanoparticles for Drug Delivery Applications. Microsc.
Microanal. 2018, 24, 1758-1759. [CrossRef]

6. Van Der Westen, R.; Hosta-Rigau, L.; Sutherland, D.S.; Goldie, K.N.; Albericio, F.; Postma, A.; Stadler, B. Myoblast Cell Interaction
with Polydopamine Coated Liposomes. Biointerphases 2012, 7, 1-9. [CrossRef] [PubMed]

7. Du, Y, Yang, H-C.; Xu, X.-L.; Wu, J.; Xu, Z.-K. Polydopamine as a Catalyst for Thiol Coupling. ChemCatChem 2015, 7, 3822-3825.
[CrossRef]

8. Zmerli, I; Michel, ].-P.; Makky, A. Bioinspired polydopamine nanoparticles: Synthesis, nanomechanical properties, and efficient
PEGylation strategy. . Mater. Chem. B 2020, 8, 4489-4504. [CrossRef]

9. Lv, F; Wang, J.; Chen, H.; Sui, L.; Feng, L.; Liu, Z,; Liu, Y.; Wei, G.; Lu, W. Enhanced mucosal penetration and efficient inhibition
efficacy against cervical cancer of PEGylated docetaxel nanocrystals by TAT modification. J. Control. Release 2021, 336, 572-582.
[CrossRef]

10. Wang, X.; Zhang, J.; Wang, Y.; Wang, C.; Xiao, J.; Zhang, Q.; Cheng, Y. Multi-responsive photothermal-chemotherapy with
drug-loaded melanin-like nanoparticles for synergetic tumor ablation. Biomaterials 2016, 81, 114-124. [CrossRef] [PubMed]

11.  Su, H.; Zhao, F. Recent Advances in Intrinsically Fluorescent Polydopamine Materials. Appl. Sci. 2022, 12, 4560. [CrossRef]

12. Bilati, U.; Allémann, E.; Doelker, E. Development of a nanoprecipitation method intended for the entrapment of hydrophilic
drugs into nanoparticles. Eur. J. Pharm. Sci. 2005, 24, 67-75. [CrossRef]

13. Shamay, Y.; Shah, J.; Isik, M.; Mizrachi, A.; Leibold, J.; Tschaharganeh, D.E; Roxbury, D.; Budhathoki-Uprety, J.; Nawaly, K.;
Sugarman, J.L.; et al. Quantitative self-assembly prediction yields targeted nanomedicines. Nat. Mater. 2018, 17, 361-368.
[CrossRef]

14. Harris, Y,; Sason, H.; Niezni, D.; Shamay, Y. Automated discovery of nanomaterials via drug aggregation induced emission.
Biomaterials 2022, 289, 121800. [CrossRef]

15. Wang, B,; Liu, S.; Liu, X;; Hu, R.; Qin, A.; Tang, B.Z. Aggregation-Induced Emission Materials that Aid in Pharmaceutical Research.
Adv. Healthc. Mater. 2021, 10, 2101067. [CrossRef]

16. Wiirthner, F. Aggregation-Induced Emission (AIE): A Historical Perspective. Angew. Chem. Int. Ed. 2020, 59, 14192-14196.
[CrossRef]

17. Wu, T.; Huang, J.; Yan, Y. Self-Assembly of Aggregation-Induced-Emission Molecules. Chem. Asian ]. 2018, 14, 730-750. [CrossRef]

18. Wei, Q.; Zhang, F,; Li, ].; Li, B.; Zhao, C. Oxidant-induced dopamine polymerization for multifunctional coatings. Polym. Chem.
2010, 1, 1430-1433. [CrossRef]

19. Hu, H.; Dyke, ].C.; Bowman, B.A.; Ko, C.-C.; You, W. Investigation of Dopamine Analogues: Synthesis, Mechanistic Understand-
ing, and Structure—Property Relationship. Langmuir 2016, 32, 9873-9882. [CrossRef]

20. Tan, X,; Gao, P; Li, Y,; Qi, P; Liu, J.; Shen, R.; Wang, L.; Huang, N.; Xiong, K.; Tian, W.; et al. Poly-dopamine, poly-levodopa,
and poly-norepinephrine coatings: Comparison of physico-chemical and biological properties with focus on the application for
blood-contacting devices. Bioact. Mater. 2020, 6, 285-296. [CrossRef]

21. Yang, M.; Zhou, H.; Zhang, Y.; Hu, Z.; Niu, N.; Yu, C. Controlled synthesis of polydopamine: A new strategy for highly sensitive
fluorescence turn-on detection of acetylcholinesterase activity. Mikrochim. Acta 2018, 185, 132. [CrossRef]

22. Dreyer, D.R,; Miller, D.J.; Freeman, B.D.; Paul, D.R.; Bielawski, C.W. Elucidating the Structure of Poly(dopamine). Langmuir 2012,
28, 6428-6435. [CrossRef]

23. Cheng, W.; Nie, J.; Xu, L,; Liang, C.; Peng, Y.; Liu, G.; Wang, T.; Mei, L.; Huang, L.; Zeng, X. PH-Sensitive Delivery Vehicle Based
on Folic Acid-Conjugated Polydopamine-Modified Mesoporous Silica Nanoparticles for Targeted Cancer Therapy. ACS Appl.
Mater. Interfaces 2017, 9, 18462-18473. [CrossRef]

24. Zhang, Y.; Zhao, Y,; Xia, S.; Tao, L.; Wei, Y. A Facile Preparation of Mussel-Inspired Poly(dopamine phosphonate-co-PEGMA)s via
a One-Pot Multicomponent Polymerization System. Macromol. Rapid Commun. 2019, 41, €1900533. [CrossRef]

25. Zhang, C.; Ma, M.-Q.; Chen, T.-T.; Zhang, H.; Hu, D.-F.; Wu, B.-H,; Ji, ].; Xu, Z.-K. Dopamine-Triggered One-Step Polymerization
and Codeposition of Acrylate Monomers for Functional Coatings. ACS Appl. Mater. Interfaces 2017, 9, 34356-34366. [CrossRef]

26. Liang, S.; Yu, S.; Gao, C. Preparation of complementary glycosylated hyperbranched polymer/poly(ethylene glycol) brushes and
their selective interactions with hepatocytes. Colloids Surf. B Biointerfaces 2016, 145, 309-318. [CrossRef]

27. Prostota, Y.; Coelho, PJ. Cationic 3H-indolium dyes by ring-opening of benzo[1,3Joxazine. Dye. Pigment. 2013, 98, 93-99.

[CrossRef]


http://doi.org/10.1126/science.1147241
http://doi.org/10.1039/C9PY01372E
http://doi.org/10.1021/cr400407a
http://doi.org/10.3389/fbioe.2018.00109
http://www.ncbi.nlm.nih.gov/pubmed/30175095
http://doi.org/10.1017/S1431927618009273
http://doi.org/10.1007/s13758-011-0008-4
http://www.ncbi.nlm.nih.gov/pubmed/22589051
http://doi.org/10.1002/cctc.201500643
http://doi.org/10.1039/C9TB02769F
http://doi.org/10.1016/j.jconrel.2021.07.008
http://doi.org/10.1016/j.biomaterials.2015.11.037
http://www.ncbi.nlm.nih.gov/pubmed/26731575
http://doi.org/10.3390/app12094560
http://doi.org/10.1016/j.ejps.2004.09.011
http://doi.org/10.1038/s41563-017-0007-z
http://doi.org/10.1016/j.biomaterials.2022.121800
http://doi.org/10.1002/adhm.202101067
http://doi.org/10.1002/anie.202007525
http://doi.org/10.1002/asia.201801884
http://doi.org/10.1039/c0py00215a
http://doi.org/10.1021/acs.langmuir.6b02141
http://doi.org/10.1016/j.bioactmat.2020.06.024
http://doi.org/10.1007/s00604-018-2678-9
http://doi.org/10.1021/la204831b
http://doi.org/10.1021/acsami.7b02457
http://doi.org/10.1002/marc.201900533
http://doi.org/10.1021/acsami.7b11092
http://doi.org/10.1016/j.colsurfb.2016.05.005
http://doi.org/10.1016/j.dyepig.2013.02.001

Int. . Mol. Sci. 2022, 23, 12420 150f 15

28.

29.
30.

31.

32.

Huefner, A.; Kuan, W.L.; Miiller, K.H.; Skepper, ].N.; Barker, R.A.; Mahajan, S. Characterization and visualization of vesicles
in the endo-lysosomal pathway with surface-enhanced raman spectroscopy and chemometrics. ACS Nano 2016, 10, 307-316.
[CrossRef] [PubMed]

Scott, L.J. Enzalutamide: A Review in Castration-Resistant Prostate Cancer. Drugs 2018, 78, 1913-1924. [CrossRef]

Eder, T.; Weber, A.; Neuwirt, H.; Griinbacher, G.; Ploner, C.; Klocker, H.; Sampson, N.; Eder, I.LE. Cancer-Associated Fibroblasts
Modify the Response of Prostate Cancer Cells to Androgen and Anti-Androgens in Three-Dimensional Spheroid Culture. Int. J.
Mol. Sci. 2016, 17, 1458. [CrossRef]

Zhao, C.; Xiao, H.; Wu, X,; Li, C; Liang, G.; Yang, S.; Lin, J. Rational combination of MEK inhibitor and the STAT3 pathway
modulator for the therapy in K-Ras mutated pancreatic and colon cancer cells. Oncotarget 2015, 6, 14472-14487. [CrossRef]
[PubMed]

Walker, T.; Mitchell, C.; Park, M.A_; Yacoub, A.; Graf, M.; Rahmani, M.; Houghton, P.J.; Voelkel-Johnson, C.; Grant, S.; Dent, P.
Sorafenib and Vorinostat Kill Colon Cancer Cells by CD95-Dependent and -Independent Mechanisms. Mol. Pharmacol. 2009, 76,
342-355. [CrossRef] [PubMed]


http://doi.org/10.1021/acsnano.5b04456
http://www.ncbi.nlm.nih.gov/pubmed/26649752
http://doi.org/10.1007/s40265-018-1029-9
http://doi.org/10.3390/ijms17091458
http://doi.org/10.18632/oncotarget.3991
http://www.ncbi.nlm.nih.gov/pubmed/25961376
http://doi.org/10.1124/mol.109.056523
http://www.ncbi.nlm.nih.gov/pubmed/19483104

	Introduction 
	Results and Discussion 
	Finding the Optimal Conditions for Polymerization 
	Optimal Copolymer for Hydrophobic Drugs Stabilization 
	Optimization of PDA-PDO-In820 Synthesis 
	In Vitro Toxicity and Antitumor Efficacy Experiments 

	Methods 
	Materials and Reagents 
	Polymerization Process 
	Absorbance Measurements 
	ATR-FTIR 
	Imaging Fluorescent Drug Aggregates with Automated Microscopy 
	Preparation of Nanoparticles 
	Characterization of Nanoparticles 
	HR-SEM 
	Cell Cultures 
	Polymers Toxicity Assay in 2D 
	Cell Viability Assay in 2D 
	Cell Viability Assay in 3D 
	Drug Release Profile 

	References

