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A B S T R A C T   

To make photothermal therapy an attractive alternative to conventional cancer treatments, the development of 
novel photothermal agents with enhanced properties is demanded. To tackle this challenge, herein we explored 
the use of polybenzoxazines, a well-known class of phenolic resins. Two different types of polybenzoxazine 
materials were prepared as potential photothermal agents: water-soluble polybenzoxazines as well as nano
particles of hydrophobic polybenzoxazines, which can be generated in situ by polymer addition to cell culture 
medium. For both systems, irradiation with visible light led to significant photothermal effects, whose appli
cation to photoinduce human breast cancer cell’s death was investigated in vitro. The best results were obtained 
for polybenzoxazine nanostructures, which exhibited successful cell internalization, minimal cytotoxicity in the 
dark and efficient photothermal killing of cancer cells upon illumination with high-penetrating red light. In 
combination with their low cost and facile preparation, this makes these polymer nanomaterials highly prom
ising for photothermal therapy applications.   

1. Introduction 

Photothermal therapy (PTT) has emerged as a highly promising 
strategy for cancer treatment, which seeks to induce selective cell death 
in tumors through the heat caused upon local irradiation [1,2–3]. As a 
result, it allows tumors to be ablated (or inhibited) with spatio-temporal 
precision while minimizing side effects on healthy tissues. Although this 
effect can be accomplished directly under high intensity illumination 
[2], PTT generally makes use of photothermal agents to locally generate 
heat after light absorption at milder photoexcitation conditions [4–5,6]. 
To maximize the therapeutic efficacy, several features are demanded for 
these materials to be used in PTT [4–6]: strong absorption in the spectral 
regions where biological tissues are more transparent, thus enabling 
higher penetration depths (e.g., in the therapeutic NIR-I window 
ranging from 650 nm to 950 nm); efficient conversion of absorbed 
photons into thermal heat; low toxicity in the dark; high affinity for 
tumor cells; simple and low-cost fabrication; and even additional 
theranostic properties (e.g., treatment imaging [7,8] or simultaneous 
release of a drug for synergic therapeutic effects [9,10]). 

To date a variety of photothermal agents have been explored for PTT 
[4–6]. On the one hand, inorganic materials [11] such as plasmonic 
metal nanostructures [12,13], carbon-based nanomaterials [14,15] and 

semiconductor nanoparticles [16] have been thoroughly investigated, 
especially due to their large absorption in the therapeutic NIR regions 
and strong photothermal effects. However, they typically suffer from 
high cost, complex synthesis, non-biodegradability and/or long-term 
toxicity. Alternatively, the development of organic PTT materials has 
been proposed [17], which are primarily made of conjugated polymers 
[18,19] and small dye molecules [20,21]. Unfortunately, they also 
present various limitations. For instance, the range of choice of conju
gated polymers with optimal photothermal properties is limited and, 
because of their hydrophobicity, they often require previous nano
structuration and surface functionalization to become water-dispersible. 
As for small dye molecules, they must be normally anchored or loaded 
into adequate vehicles (e.g., liposomes, peptides) for injection into 
biological tissues. Accordingly, the development of novel organic PTT 
agents is required to overcome these drawbacks. 

To reach this goal, herein we pioneered the utilization of poly
benzoxazines (PBz), a well-known class of high-performance phenolic 
resins, as PTT materials [22,23]. While PBz have drawn the attention of 
industry due to their superior thermal, mechanical and chemical prop
erties over traditional thermosets [24–28], their applications in biology 
and medicine are still limited and essentially related to their use as 
scaffold [29–30] and antimicrobial [31–34] materials. Recently, when 
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investigating the photothermal polymerization of benzoxazines in the 
presence of metal catalysts [35], we found that the resulting PBz can also 
efficiently generate photothermal heat upon visible light absorption, a 
very intriguing behavior that to the best of our knowledge has not been 
previously disclosed. In this work we exploited this feature, together 
with the low cost, simple preparation and ample chemical tunability of 
polybenzoxazines, to produce a new generation of organic PTT agents. 

2. Results and discussion 

2.1. Synthesis and nanostructuration of polybenzoxazines 

To widely explore the application of polybenzoxazines as PTT ma
terials, we considered two limit scenarios: (a) the fabrication of nano
particles of water-insoluble PBz that could be dispersed in aqueous 
media and behave as PTT nanomaterials; and (b) the preparation of 
water-soluble PBz which could be directly injected into biological tis
sues without prior structuration and, therefore, act as molecular pho
tothermal agents (Fig. 1a). For this purpose, 1,3-benzoxazine monomers 
Bz1 [36] and Bz2 [37] were first synthesized using reported procedures 
(Fig. 1b and Scheme S1). Bz1 bearing a p-methoxy substituent was 
selected as the precursor of water-insoluble PBz because of its efficient 
synthesis, facile manipulation and strong photothermal effects upon 
bulk polymerization observed previously by our group [35]. As for Bz2, 
it was selected to favor aqueous solubility for the resulting PBz upon 
ionization of its p-carboxylic acid group. 

Both benzoxazine monomers were polymerized thermally at 
180–200 ◦C to yield PBz1 and PBz2, for which neither catalysts nor 

activators were used that could eventually interfere with our biological 
measurements (Fig. 1b). Full conversion of the monomers was deter
mined by 1H NMR spectroscopy, which also unambiguously demon
strated the formation of the expected polymer materials (Fig. S1). 
Further characterization of PBz1 and PBz2 by 1H NMR, gel permeation 
chromatography (GPC), differential scanning calorimetry (DSC) and gel 
content analysis revealed that they were mainly composed of low mo
lecular weight polymer chains (Mn ~ 800 Da) presenting a predominant 
phenolic structure and negligible chemical cross-linking (Fig. S1-S3 and 
Scheme S2). As expected [22,23], this resulted in relatively low glass 
temperatures for these polymer materials (Tg < 85 ◦C) and high solu
bilities in a large range of organic solvents (e.g., THF, acetone and 
DMSO). Finally, PBz2 was treated with an equimolar amount of aqueous 
NaOH solution to obtain the sodium polybenzoxazine salt PBz2′ 
(Fig. 1b). Efficient deprotonation of the carboxylic acid moieties of PBz2 
was confirmed by IR spectroscopy (Fig. S4), which led to high aqueous 
solubility for the resulting PBz2′. 

By contrast, PBz1 was observed to be insoluble in aqueous media, the 
reason why it was applied for the preparation of polybenzoxazine 
nanoparticles (NPs). For this, we first attempted the use of the nano
emulsion technique, a very common approach for the preparation of 
polymer nanoparticles [38,39]. In particular, we employed an emulsion- 
solvent evaporation method where (a) a mixture of water and a 
dichloromethane solution of PBz1 was initially emulsified through 
ultrasonication, and (b) the organic solvent was then removed under 
vacuum to obtain a colloidal aqueous suspension of nanoparticles 
(PBz1_NP1). To favor colloidal stability, this process was conducted in 
the presence of different well-known stabilizers such as poly(ethylene 
glycol) 2000, poly(vinyl alcohol) or Tween® 20. Surprisingly, the best 
results were obtained in the absence of such stabilizers, as the naked 
PBz1_NP1 prepared presented the smallest sizes (diameter = 210 ± 37 
nm; Fig. 2a and Fig. S5) and were stable in aqueous suspension for 1 
week (Fig. S6). The latter can be ascribed to the relatively high ζ-po
tential of PBz1_NP1, which we measured to be + 56.3 mV. 

To further simplify the structuration of PBz1, we also explored the 
nanoprecipitation technique [40,41]. In this case, polymer NPs were 
prepared by just adding a DMSO solution of PBz1 directly to cell culture 
medium – i.e., forming in situ the desired nanoparticles in the same 
medium where biological experiments were subsequently performed. In 
this way, we avoided prior manipulation, structuration and surface 
functionalization of PBz1, which is a very advantageous feature over 
most nanostructured PTT agents. In particular, nanoparticles with an 
average diameter of 78 ± 23 nm were obtained through this procedure, 
which are significantly smaller than those prepared by the nano
emulsion method (PBz1_NP2; Fig. 2b and Fig. S7). However, the 
colloidal stability of PBz1_NP2 was found to be much lower, probably 
due to their low ζ-potential (-7.2 mV). As a result, the formation of ag
gregates of several hundreds of nanometers in diameter was observed 
both by scanning electron microscopy (Fig. 2b) and dynamic light 
scattering measurements (Fig. S8) even for freshly prepared samples. 

2.2. Optical and photothermal properties of polybenzoxazines 

Fig. 3a shows the absorption spectra of the different photothermal 
agents developed: (a) the nanostructured PBz1_NP1 and PBz1_NP2 in 
cell culture media, which are compared to the absorption spectrum of 
PBz1 dissolved in DMSO; and (b) the aqueous-soluble PBz2′ in water. 
Clearly, maximum absorption was observed at λabs < 450 nm for all the 
measured solutions and suspensions. However, long absorption tails 
were registered for PBz1_NP1, PBz1_NP2 and PBz2′ that reach up to 
700 nm. Therefore, this should allow these polymer materials and 
molecules to be excited with visible light to trigger their photothermal 
behavior. 

To validate this hypothesis, two different types of photothermal ex
periments were conducted. First, we took advantage that both 
PBz1_NP1 and PBz2′ could be isolated as solid powders to investigate 

Fig. 1. (a) Water-insoluble and water-soluble polybenzoxazines are explored in 
this work as nanostructured and molecular photothermal therapy agents, 
respectively. (b) Synthesis of polybenzoxazines for the preparation of 
PTT agents. 
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their photothermal behavior in bulk. For this, they were irradiated with 
a pulsed green laser (λexc = 532 nm, 300 mW cm− 2) and the increments 
in temperature produced by photothermal heating were measured 
(Fig. S9a). A significant temperature rise of about 8–9 ◦C was registered 
in both cases after illumination for 10 min, which demonstrates their 
capacity to generate heat under irradiation with visible light. In the case 
of PBz1_NP2, its photothermal behavior could only be measured in 
aqueous suspension. In particular, we monitored the changes in tem
perature of suspensions of PBz1_NP1 and PBz1_NP2 in cell culture 
medium when irradiated with a white LED (105 mW cm− 2). For the 
polymer concentration used in these experiments (0.43 mg mL− 1), 
temperature increments of around 6 ◦C were measured in both cases that 
are clearly higher than those registered in the absence of PBz1 nano
structures, which again corroborates their photothermal properties 
upon visible illumination (Fig. 3b). In addition, it must be noted that 
macroscopic temperature variations averaged over the whole irradiated 
volume were obtained in these measurements, which must be much 
smaller than those achieved in the close proximity of PBz1 nano
structures because of the local nature of photothermal effects. Conse
quently, we should expect the photothermal heating created by PBz1 
and PBz2′ be sufficient to induce local cell death. Furthermore, we 
found these photothermal effects to be reproducible upon consecutive 
irradiation cycles, thus demonstrating the photostability of the poly
benzoxazine materials described herein (Fig. S9b). 

2.3. In vitro photothermal therapy activity of polybenzoxazines 

The PTT activity of PBz1_NP1, PBz1_NP2 and PBz2′ was tested in 
vitro on the SKBR-3 human breast cancer cell line. First, we evaluated 
the intrinsic toxicity of these polybenzoxazine materials in the dark, for 
which we incubated SKBR-3 with three different concentrations of 

PBz1_NP1, PBz1_NP2 and PBz2′ (0.86, 0.43 and 0.22 mg mL− 1 for 
PBz1_NP1 and PBz1_NP2; 0.91, 0.46 and 0.23 mg mL− 1 for PBz2′). 
Slightly different mass concentrations were used for PBz1_NP1 and 
PBz1_NP2 relative to PBz2′, with which we aimed to account for the 
distinct molecular masses of the monomeric units in PBz1 and PBz2′. 
After 24 h incubation, cell media were gently rinsed to eliminate any 
uninternalized polymer material and cell viability was evaluated 
immediately (cell viability 0 h) or after 48 h in standard culture con
ditions (cell viability 48 h). As shown in Fig. 4a, different degrees of 
cytotoxicity were detected depending on the tested polybenzoxazine. On 
the one hand, PBz1 nanostructures showed very reduced cytoxicity even 
after 48 h post-incubation for the two lower concentrations tested (0.43 
and 0.22 mg mL− 1), as cell viabilities remained above 88 % in all the 
cases. However, for the highest concentration considered (0.86 mg 
mL− 1), cytotoxicity significantly increased, especially for the smaller 
PBz1_NP2 nanoparticles (cell viability down to 52 % after 48 h post- 
incubation). On the other hand, PBz2′ turned to be more cytotoxic, as 
an important reduction in cell viability was determined for all condi
tions except for the lowest concentration and cell culture time (89 % at 
0.23 mg mL− 1 and 0 h post-incubation). In view of these results, we 
hypothesize that the nanostructuration of polybenzoxazines lowers their 
cytotoxicity, probably by reducing the contact area with biological tis
sue per polymer molecule. 

Next, the photoinduced cytotoxicity of PBz1_NP1, PBz1_NP2 and 
PBz2′ was evaluated. In all the experiments, cell irradiation was con
ducted with red light (λexc = 620 – 630 nm, power density = 55 mW 
cm− 2), as it provides higher penetration depths and lower photodamage 
in biological tissues. In addition, the excitation wavelengths selected fall 
within the absorbance tail of all the polybenzoxazine materials tested 
(see Fig. 3a), which should ensure sufficient photoexcitation. It must be 
noted that, though low light absorption is expected in this spectral 

Fig. 2. SEM images of (a) PBz1_NP1 and (b) PBz1_NP2.  
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range, we recently demonstrated that Bz monomers and polymers can 
generate high photothermal effects even under these irradiation condi
tions [35]. In a first step, we aimed to evaluate the PTT activity of PBz2′ 
molecules relative to PBz1 nanostructures, for which we selected 
PBz1_NP2 as the system of study. Because PBz2′ had shown significant 
cytotoxicity in the dark, we conducted these comparative studies at low 
polybenzoxazine concentration (0.22 mg mL− 1 and 0.23 mg mL− 1 for 
PBz1_NP2 and PBz2′), at which SKBR-3 cells were incubated for 24 h. 
Next, they were irradiated with red light for 30 min to elicit the pho
tothermal response from the internalized polymers and its effect on cell 
viability was evaluated immediately after irradiation (cell viability 0 h) 
and 48 h after irradiation (cell viability 48 h) (Fig. 4b). Two main 
conclusions could be drawn from these experiments. First, phototoxicity 
was observed even for the control samples containing no PBz1_NP2 or 
PBz2′, where cell viability decreased down to 78 % after 48 h post- 
irradiation. Therefore, this demonstrated that irradiation for 30 min at 
our experimental conditions was excessive for the cells and it should be 
reduced. In spite of this, the photothermal effects generated by PBz2′ on 
cell viability were rather low when compared to the data registered in 
the absence of illumination: only a reduction of 11 % and 9 % on cell 
viability was observed under irradiation after 0 h and 48 h, respectively, 
which fell within the error margins of our data. By contrast, larger 

phototoxicity was measured for PBz1_NP2, with which a statistically 
significant decrement in cell viability of about 25–30 % was registered 
relative to equivalent experiments conducted without irradiation. 

Because of the higher phototoxicity and lower dark cytotoxicity 
observed for PBz1_NP2, subsequent photothermal experiments were 
solely conducted for PBz1 nanostructures. Two important differences 
were introduced in these additional measurements. On the one hand, 
higher polybenzoxazine concentrations were used: 0.86 mg mL− 1 for 
PBz1_NP1 and 0.43 for PBz1_NP2, which according to our previous 
cytotoxicity experiments should keep cell viability in the dark over 80 % 
even after 48 h post-incubation. On the other hand, the irradiation 
period was reduced to 15 min to minimize nonselective phototoxic ef
fects. Indeed, the latter is clearly demonstrated by the data in Fig. 4c, 
which was again measured by incubating the cells with polybenzoxazine 
nanoparticles for 24 h before photoexcitation and analyzing cell 
viability at 0 h and 48 h after photoexcitation. No statistically mean
ingful differences in cell survival were observed in this case for the 
irradiated polybenzoxazine-free control samples relative to those kept in 
the dark. On the contrary, large phototoxicity effects were registered 
when loaded with PBz1 nanostructures, which led to a noteworthy 
decrement in cell viability upon illumination (<50 % at 48 h post- 
irradiation, Fig. 4c). Though we cannot exclude that photoinduced 
reactive oxygen species (ROS) contributed to cell death in these exper
iments, we ascribe the phototoxicity effects observed principally to PTT 
because: (a) photothermal heating was indeed measured for PBz1_NP1 
and PBz1_NP2 in cell culture medium at similar concentrations (see 
Fig. 3b); and (b) polyphenols such as polybenzoxazines as well as other 
benzoxazine derivatives are known to exhibit antioxidant properties 
and, therefore, contribute to ROS scavenging [31,42,43]. 

Despite its lower concentration, the best of these PTT effects were 
obtained for PBz1_NP2, whose red light-induced photothermal heating 
promoted the death of about 70 % of the initial SKBR-3 cells. This is a 
remarkable result when compared to previous reports on the photo
thermal treatment of SKBR-3 cells in vitro (Table S1) [44–54]. Although 
it does not match the best figures reported in the literature (~100 % cell 
death [51,52]), PBz1_NP2 provides higher phototoxicity at lower con
centration and/or irradiation dose than many of the PTT agents so far 
described [44–46,48–49,54]. Therefore, in combination with their 
simple preparation and low cytotoxicity in the dark, these results make 
PBz1_NP2 very promising materials for photothermal therapy. 

Importantly, the high PTT activity of PBz1 nanoparticles was pre
served when shorter incubation times were applied. For instance, after 
treatment of SKBR-3 cells with PBz1_NP1 (0.86 mg mL− 1) and 
PBz1_NP2 (0.43 mg mL− 1) for only 4 h followed by exhaustive rinsing, 
we still observed cell viability to decrease well below 60 % post- 
irradiation (Fig. S10). This result suggested that efficient internaliza
tion of PBz1_NP1 and PBz1_NP2 occurs within the cells. We further 
investigated this aspect by taking advantage of the orange emission 
detected for PBz1 nanostructures in cell cultures under the confocal 
microscope, which spectrally resembled the fluorescence measured for 
the same nanomaterials in aqueous suspension (λem, max ~ 600 nm; 
Fig. S11). As a result, we could investigate the internalization of 
PBz1_NP1 and PBz1_NP2 in SKBR-3 cells by confocal microscopy, for 
which we also stained their plasma membrane with the green-emitting 
dye WGA-488. Although we observed the presence of PBz1 nano
particles outside the cells, polybenzoxazine orange fluorescence could 
also be measured in their interior, thus suggesting cell internalization for 
both 4 h and 24 h incubation protocols (Fig. 5 and Fig. S12). This was 
unambiguously proven by collecting optical sections of the fluorescence 
images in the axial direction of the samples, which confirmed that some 
of the orange-emitting PBz1 structures lay confined within the interior 
of SKBR-3 cells (Fig. 5 and Fig. S12). Because of the local nature of 
photothermal effects, we ascribe the phototoxic effects measured to 
these internalized nanostructures as well as those adhered to the cell 
membrane. In addition, it must be noted that the highest PTT efficiencies 
were observed for the low PBz1_NP2 concentration used, where a 

Fig. 3. (a) Absorption spectra of PBz1 in DMSO (c = 0.11 mg mL− 1), PBz1_NP1 
and PBz1_NP2 in cell culture media (c = 0.11 mg mL− 1) and PBz2′ in water (c 
= 0.13 mg mL− 1). For comparison purposes, all the spectra are normalized to 
1.0 at the absorption maximum at λabs ~ 300 – 450 nm. (b) Temperature in
crements measured upon irradiation with a white LED (105 mW cm− 2) of 2 mL 
of pure cell culture medium and 2 mL of PBz1_NP1 and PBz1_NP2 suspensions 
in cell culture media (c = 0.43 mg mL− 1). 
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Fig. 4. (a) Cell viability analysis after incubation for 24 h with different concentrations of PBz1_NP1, PBz1_NP2 and PBz2′ in the dark (control = 0 mg mL− 1; low =
0.22 mg mL− 1 for PBz1_NP1 and PBz1_NP2, and 0.23 mg mL− 1 for PBz2′; medium = 0.43 mg mL− 1 for PBz1_NP1 and PBz1_NP2, and 0.46 mg mL− 1 for PBz2′; high 
= 0.86 mg mL− 1 for PBz1_NP1 and PBz1_NP2, and 0.91 mg mL− 1 for PBz2′). Measurements were taken at two distinct post-incubation times: 0 h (left) and 48 h 
(right). Asterisks indicate statistically significant differences in cell viability between the control and the incubated samples at each time-point. (b) Cell viability 
analysis after incubation for 24 h with PBz1_NP2 (0.22 mg mL− 1) and PBz2′ (0.23 mg mL− 1) and subsequent irradiation for 30 min at λexc = 620 – 630 nm (power 
density = 55 mW cm− 2). Measurements were taken at two distinct post-irradiation times: 0 h and 48 h. (c) Cell viability analysis after incubation for 24 h with 
PBz1_NP1 (0.86 mg mL− 1) and PBz1_NP2 (0.43 mg mL− 1) and subsequent irradiation for 15 min at λexc = 620 – 630 nm (power density = 55 mW cm− 2). Mea
surements were taken at two distinct post-irradiation times: 0 h and 48 h. In (b-c) asterisks indicate statistically significant differences in the cell viability between the 
same not irradiated and irradiated treatment at each time-point. Experiments were done in triplicates. 
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reduced number of residual, non-internalized nanoparticles were found 
in the cell culture medium (Fig. 5b). Consequently, we expect the 
external nanostructures to have a minimal contribution to 
photothermally-induced cell death. 

3. Conclusions 

In this work we reported the application of polybenzoxazines, a well- 
known class of phenolic resins, to photothermal therapy. For this, two 
different types of strategies were explored: the use of water-soluble 
polybenzoxazines as molecular photothermal agents and of nano
particles made from hydrophobic polybenzoxazines as nanostructurated 

Fig. 5. Confocal fluorescence emission images (λexc = 405 nm, λem = 569 – 611 nm) of SKBR-3 cells incubated with (a) PBz1_NP1 (0.86 mg mL− 1) and (b) PBz1_NP2 
(0.43 mg mL− 1) for 4 h and subsequently rinsed. In both cases the plasma membrane of cells was stained by previous treatment with green-emitting dye WGA-488, 
whose fluorescence was detected simultaneously in a different channel (λexc = 488 nm, λem = 500 – 550 nm). The images in the right show additional Z-stacks for two 
orthogonal cross-sections (indicated by white dashed lines). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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photothermal materials. Interestingly, the latter could not only be pre
pared a priori employing well-known emulsion techniques, but also in 
situ by nanoprecipitation when adding the polymers to cell culture 
medium. All the resulting polybenzoxazine compounds and materials 
exhibited a broad absorption tail in the visible spectrum and generated 
photothermal heating upon irradiation with visible light. When tested in 
vitro on human breast cancer cells, water-soluble polybenzoxazines 
showed significant cytotoxicity in the dark, which only moderately 
increased upon irradiation. By contrast, polybenzoxazine nanoparticles 
were found to cause cancer cells’ death selectively and efficiently when 
illuminated with high-penetrating red light. Thanks to their fluorescent 
properties that allowed microscopy colocalization experiments, this 
phototoxic behavior could be attributed to the internalization of the 
nanoparticles within the cells and the subsequent photothermal effects 
induced under irradiation. Together with their low cost, simple structure 
and facile preparation, these features make polybenzoxazine nano
particles very promising materials for photothermal therapy. 

4. Materials and methods 

4.1. Materials for monomer, polymer and nanostructure synthesis 

Reagents (aniline, paraformaldehyde, 4-methoxyphenol, 4-hydrox
ybenzoic acid) and solvents (toluene, 1,4-dioxane, dichloromethane, 
water, CDCl3, acetone‑d6 and DMSO‑d6) for the synthesis of Bz1, Bz2, 
PBz1, PBz2 and PBz2′ as well as the nanoparticles of PBz1 were pur
chased and used without further purification. Thin layer chromatog
raphy (TLC) was performed using Macherey-Nagel aluminum backed 
plates of silica gel (60 Å pore size) with fluorescent indicator UV254 
(Alugram®, 0.2 mm thickness). Flash column chromatography was 
performed using silica gel (230–400 mesh). 

4.2. Synthesis of polymers PBz1, PBz2 and PBz2′ 

Benzoxazine monomers Bz1 [36] and Bz2 [37] were synthesized as 
previously described (Scheme S1). Bz1 and Bz2 were then introduced in 
a glass vial and placed in a sand bath at 180 and 200 ◦C, respectively. 
After 2 h, polybenzoxazines PBz1 and PBz2 were afforded. Both samples 
were crushed into powder to facilitate their solubility and dispersion. To 
prepare PBz2′, polybenzoxazine PBz2 was placed in an equimolar 
NaOH aqueous solution and stirred for 24 h at room temperature. The 
suspension turned from transparent to yellow over time and we 
observed dissolution of most of the initial solid. The final mixture was 
filtered in order to eliminate the unreacted polymer and the solvent was 
removed at reduced pressure, obtaining polybenzoxazine salt PBz2′ as a 
yellow solid. 

4.3. Nanostructuration of PBz1 

For the preparation of PBz1 nanoparticles via emulsion in water 
(PBz1_NP1), the following procedure was carried out. First, poly
benzoxazine PBz1 (86.2 mg) was completely solved in 1 mL of 
dichloromethane and placed in a glass vial (Ø = 70 mm, h = 22 mm) 
with 20 mL of Milli-Q water. The mixture was sonicated using an ul
trasonic homogenizer operating at 70 % amplitude (Branson 450 D 
Sonifier, 400 W–20 kHz, equipped with disruptor horn and 13 mm flat 
tip) during 5 min, which afforded a homogeneous orange emulsion. 
Dichloromethane was then removed under vacuum to obtain a stock 
aqueous colloidal suspension of PBz1_NP1 (4.3 mg mL− 1). This sample 
was further diluted in cell culture medium (see section 4.4) to prepare 
0.86 mg mL− 1, 0.43 mg mL− 1 and 0.22 mg mL− 1 colloidal suspensions of 
PBz1_NP1. 

For the direct preparation of PBz1 nanoparticles via nano
precipitation in cell culture medium (PBz1_NP2), we first completely 
dissolved polybenzoxazine PBz1 (86.2 mg) in 1 mL of DMSO. Then, 40 
μL of this solution were added dropwise to 360 μL of cell culture medium 

(see Section 4.4) under vigorous stirring (700 rpm). As a result, an ochre- 
colored colloidal suspension of PBz1_NP2 (8.6 mg mL− 1) was obtained. 
This sample was further diluted in more cell culture medium to prepare 
0.86 mg mL− 1, 0.43 mg mL− 1 and 0.22 mg mL− 1 colloidal suspensions of 
PBz1_NP2. Because of the rather poor colloidal stability of these sam
ples, all of them were freshly prepared before each biological 
experiment. 

4.4. Cell culture assays 

SKBR-3 cells, a tumorigenic human mammary epithelial cell line 
(ATCC, USA), were used for biological experiments. Unless stated 
otherwise, cells were cultured in McCoy’s 5A modified medium (Gibco, 
UK) supplemented with 10 % fetal bovine serum (Gibco) in a 37 ◦C 
humidified incubator and set to 5 % CO2 (standard culture conditions). 
For dark toxicity evaluation and photothermal therapy experiments, 
cells were seeded in 4- or 24-well plates at a density of 3.50 × 104 cells 
per well. For confocal microscopy experiments, cells were seeded in 35 
mm confocal dishes provided with glass coverslip bottom (µ-Dish 35 
mm, high Grid-500 Glass Bottom, Ibidi, DE) at a density of 1.75 × 105 

cells per well. All experiments were performed 24 h after seeding. In
cubation of cells with polybenzoxazine nanoparticles PBz1_NP1 and 
PBz1_NP2 was done using the 0.86 mg mL− 1, 0.43 mg mL− 1 and 0.22 
mg mL− 1 colloidal suspensions prepared directly in cell culture medium 
(see section 4.3). For water-soluble polymer PBz2′ incubation, polymer 
was first dissolved in filtered Milli-Q water to a final concentration of 
96.4 mg mL− 1. This stock solution was then diluted in cell culture me
dium obtaining a final compound concentration of 0.91 mg mL− 1, 0.46 
mg mL− 1 and 0.23 mg mL− 1. 

Polymer toxicity in absence of irradiation was determined by 
assessing cell viability by the AlamarBlue™ assay (ThermoFisher Sci
entific) at two different time-points (0 h and 48 h post-incubation). 24 h 
after cell seeding, cells were incubated for 24 h with different concen
trations of PBz1 nanoparticles (0 (control), 0.86 mg mL− 1, 0.43 mg 
mL− 1 and 0.22 mg mL− 1) and PBz2′ (0 (control), 0.91 mg mL− 1, 0.46 
mg mL− 1 and 0.23 mg mL− 1). Then, cell medium was removed, and cells 
were washed four times with Hank’s Balanced Salt Solution (HBSS, 
BioWest, MO, USA) to remove any remaining product. Finally, fresh 
medium was added. At that point, viability was immediately assessed 
(cell viability 0 h) or cultures were kept in standard culture conditions 
for 48 h more before cell viability evaluation (cell viability 48 h). Three 
independent experiments were conducted for each condition. 

The same protocol as described in the previous paragraph was fol
lowed for photothermal treatments, though incubation of SKBR-3 cells 
with PBz1 nanoparticles and PBz2′ took place for 4 or 24 h. Then, cells 
were either kept in dark conditions or irradiated for 15–30 min in the 
wavelength range of 620 – 630 nm. Cell culture viability was measured 
right after irradiation (cell viability 0 h) by using the AlamarBlue™ 
assay or cultures were kept in standard culture conditions for 48 h more 
before cell viability evaluation (cell viability 48 h). Three independent 
experiments were performed for each condition. 

Cell viability was determined by the AlamarBlue™ cell viability re
agent. After polymer incubation and, if needed, irradiation, medium was 
removed and cells were washed four times with HBSS, before adding 
fresh medium with 10 % AlamarBlue™. Cells were incubated for 4 h in 
standard conditions in the dark. Finally, supernatant was collected and 
200 µL of the solution were transferred to a black bottom Greiner 
CELLSTAR® 96-well plate (Sigma-Aldrich®) to measure its fluorescence 
at 590 nm, after excitation at λexc = 560 nm. Three independent ex
periments were performed for each condition. 

For measuring PBz1 nanoparticles emission spectrum, cells were 
seeded on 35 mm confocal dishes, provided with glass coverslip bottom 
at a density of 1.75 × 105 cells/dish and incubated in standard condi
tions in the dark. After 24 h, a 0.43 mg mL− 1 colloidal suspension of 
PBz1_NP2 was added, and the cell culture was incubated for another 24 
h in the same conditions. Then, a Lambda Scan experiment was 
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performed in a confocal fluorescence microscope to determine the 
emission spectrum of the nanoparticles, for which the excitation wave
length was set up at λexc = 405 nm. For post-treated cultures, cells were 
washed four times with HBSS and the same procedure was performed, 
before the new image acquisition. 

To investigate PBz1_NP1 and PBz1_NP2 internalization, cells were 
seeded on a 35 mm confocal dish provided with glass coverslip bottom 
(1.75 × 105 cells). After 24 h, a 0.86 mg mL− 1 colloidal suspension of 
PBz1_NP1 or a 0.43 mg mL− 1 colloidal suspension of PBz1_NP2 were 
added to the culture. After incubating for 4 h and 24 h in standard 
conditions in the dark, respectively, cells were washed four times with 
HBSS to remove the non-internalized product and incubated with WGA- 
Alexa Fluor 488 (5 μL) for 15 min to stain the plasma membrane. Images 
of the resulting samples were acquired by sequential excitation of WGA- 
Alexa Fluor 488 at λexc = 488 nm and PBz1 nanostructures at λexc = 405 
nm, whose emission was separately detected in different spectral ranges: 
λem = 569–611 nm for PBz1_NP1 and PBz1_NP2 emission, and λem =

500–550 nm for WGA-Alexa Fluor 488. 

4.5. Characterization methods 

1H NMR spectra were recorded on a Bruker DPX360 (360 MHz) 
spectrometer in CDCl3, acetone‑d6 and DMSO‑d6. The δ-scale was 
normalized relative to the residual solvent signal (CDCl3: 7.26 ppm, 
acetone‑d6: 2.05 ppm and DMSO‑d6: 2.49 ppm). Infrared spectra were 
measured on a Bruker Tensor 27 Golden Gate spectrometer in attenu
ated total reflectance mode (IR-ATR). The UV–vis absorption spectra of 
liquid samples, solutions and colloidal suspensions were measured with 
an Agilent 8453 UV–visible spectrophotometer using Hellma Analytics 
glass cuvettes (1-cm light path). Fluorescence spectra were recorded by 
means of a custom-made spectrofluorometer using a cw diode laser (λexc 
= 445 nm) as the excitation source. Emitted photons were detected 
using an Andor ICCD camera coupled to a spectrograph. All the emission 
spectra registered were corrected by the wavelength dependence of the 
spectral response of the detection system. Molecular weight distribu
tions were determined by gel permeation chromatography (GPC) using 
an Agilent Technologies 1260 Infinity chromatograph and THF as a 
solvent. The instrument was equipped with three gel columns: PLgel 5 
μm Guard/50 × 7.5 mm, PLgel 5 μm 10000 Å MW 4 K − 400 K, and PL 
Mixed gel C 5 μm MW 200–––3 M. Calibration was made by using PMMA 
standards. Differential scanning calorimetry (DSC) experiments were 
conducted with a TA Instruments Q20 calorimeter using Tzero™ pans 
and lids calibrated with indium (Tm = 429.75 K, ΔHm = 3267 kJ/mol). 
For all the samples, we used a heating rate of 10 ◦C/min and a N2 flow of 
50 mL/min. The gel content of PBz1 and PBz2 was determined as pre
viously reported by us.[55] About 1.0 g of the polymer material of in
terest were subjected to a 24 h Soxhlet extraction using acetone as a 
solvent. This led to dissolution of linear polymer chains, leaving behind 
the insoluble cross-linked 3D network. Therefore, comparison of the 
final insoluble material left in the cellulose cartridge used in the 
extraction (mgel) with the initial polymer mass (m0) allowed us the 
calculation of the gel content using equation (1): 

Gel content(%) =
mgel

m0
⋅100 (1) 

Scanning electron microcopy (SEM) images of the polymer nano
particles were taken using a Zeiss Merlin scanning electron microscope 
and analyzed by means of the ImageJ software. All the samples were 
metalized with a layer of about 5 nm of Pt prior to SEM imaging. Dy
namic light scattering (DLS) measurements to characterize their nano
particle diameters and ζ-potentials were measured in a Malvern 
Zetasizer Nano ZS apparatus. Cell culture irradiation experiments were 
performed using a GenIUL photoactivation universal light device (λexc =

620 – 630 nm; power density = 55 mW/cm2; energy dose: 33 J/cm2). 

Fluorescence confocal images were acquired in a Leica TCS-SP5 AOBS 
spectral Confocal Laser Scanning Microscope (Leica Microsystems) 
using a Plan-Apochromatic 63X objective lens (λexc = 405 nm). Further 
image analysis was performed with Fiji software. The fluorescence 
spectrum of the internalized polymers was registered using the same 
microscope operating in Lamba Scan mode. Cell statistical analyses were 
performed by using GraphPad Prism software (6.01 version, Windows). 
Results were analyzed through a two-way ANOVA factorial analysis. 
Minimal significance level set at P ≤ 0.05. Significance is represented in 
the figures using an asterisk. Values with an asterisk are significantly 
different from their control (P = 0.05). 

Author Contributions 
K.R.-M. and O.C. conducted the synthetic, characterization and 

biological experiments, while J.H., C.N. and R.M.S. devised the project 
and supervised the experimental work. The manuscript was written 
through contributions of all authors. All authors have given approval to 
the final version of the manuscript. 

Declaration of Competing 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. 

Data availability 

Data available in the CORA.RDR, Research Data Repository (https:// 
dataverse.csuc.cat/): https://doi.org/10.34810/data906 (accessed on 
03 November 2023). 

Acknowledgements 

This work was supported by grants PID2019-106171RB-I00 and 
PID2020-116844RB-C21 (funded by MCIN/AEI/10.13039/ 
501100011033 and ERDF–“A way of making Europe”), and 2021 SGR 
00064 and 2021 SGR 00122 (funded by AGAUR, Generalitat de Cata
lunya). K.R.-M. and O.C. thanks Universitat Autònoma de Barcelona for 
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