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Background: The integration of diagnostic and therapeutic functions into a biosafe nanoplatform with intelligent response functions
at the tumor microenvironment (TME) is a promising strategy for cancer therapy.

Methods: Mn-doped nano-hydroxyapatite (nHAPMn) nanoparticles were successfully prepared via a simple coprecipitation method
for magnetic resonance imaging (MRI)-guided photothermal therapy. This study is the first to report on the use of Mn to render
biodegradable hydroxyapatite suitable for MRI and effective photothermal therapy (PTT) simultaneously by regulating the pH of
nHAPMn during the preparation process.

Results: Combined with near-infrared (NIR) laser irradiation, a photothermal conversion efficiency of 26% and effective photo-
thermal lethality in vitro were achieved. Moreover, the degradation of nHAPMn led to the release of Mn ions and amplified the MRI
signals in an acidic TME, which confirmed that nHAPMn had a good pH-responsive MRI capacity in solid tumors. In animal
experiments, tumors in the nHAPMnS5+NIR group completely abated after 14 days of treatment, with no significant recurrence during
the experiment.

Conclusion: Therefore, nHAPMn is promising as a nanotheranostic agent and can be effective in clinical diagnosis and therapy for
treating cancer.
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Introduction
For decades, cancer has been considered a leading cause of death worldwide.'”* Recently, theranostic agents have gained
increasing attention because they can identify the location and size of tumors, monitor treatment procedures in real time, and
assess their effectiveness after treatment.’ By combining the enhanced imaging capabilities of contrast agents with therapeutic
agents, multiple dosing can be avoided, and the additional pressure on the body’s blood clearance capacity can be significantly
reduced, thereby improving the treatment efficiency.” For example, numerous studies have proven that Man-HA-MnO, NPs,
MFMSNS, and HSA-MnO,-Ce6 NPs have an excellent therapeutic effect under the guidance of clinical diagnosis.”®
Molecular imaging techniques, such as magnetic resonance imaging (MRI), positron emission tomography, X-ray
computed tomography, and single photon emission computed tomography, play an important role in the clinical diagnosis
of cancer.” Among them, MRI is a versatile imaging technique and has been widely used in cancer diagnosis owing to its high
spatial resolution capacity, non-invasiveness, and unlimited depth of tissue penetration.® Many contrast agents are used in
MRI, and they can be divided into T1 and T2 type preparations based on their mechanism of action. The former increases
signal intensity on T1WI, whereas the latter decreases signal intensity on T2WI. Gd chelate is the most common MRI contrast
agent for increasing signal intensity on TIWL'® However, it can increase the risk of renal systemic fibrosis or cause brain
abnormalities in healthy patients.'" Accordingly, many nanomaterials including iron oxide, manganese oxide, and other metal-
based compounds have recently been considered for use in MRI because of their superior biosafety.'*'* In addition,
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traditional cancer treatments such as chemotherapy, radiotherapy (RT), and surgery are generally characterized by invasive-
ness, side effects, and low selectivity.® To solve these problems, many novel tumor treatment methods, such as photothermal
therapy, chemodynamic therapy, and ultrasound therapy, have attracted considerable attention. Photothermal therapy (PTT),
which uses near-infrared (NIR) light absorbers to convert light energy into heat energy to kill tumor cells, is considered as
a promising treatment with high accuracy and low side effects.'* '® In this context, the integration of MRI and photothermal
therapy into a nanoplatform is expected to effectively improve the theranostic effect for treating cancer.

Mn is a transition metal that exists in more than five valence states, the most prevalent being Mn>" and Mn*".'”'® It can
promote bone growth and development, protect the integrity of mitochondria in cells, maintain normal brain function, and
improve the hematopoietic function of the body.' ' Recently, Mn-based contrast agents have attracted considerable attention as
substitutes for Gd-based contrast agents used in MRI.*> However, the non-biodegradable and potential long-term toxicity of
current Mn-based contrast agents hinder the progress of clinical transformation in the future.”> Endogenous biomaterials with
natural biocompatibility and biodegradability are considered to be beneficial and can solve the biosafety problem in vivo;
however, most endogenous biomaterials comprise inorganic structures, which need complex and time-consuming synthetic
procedures to develop MRI contrast agents because of their poor contrast characteristics.>* Thus, it is very important to explore
endogenous materials with high contrast characteristics and facile synthetic procedures for clinical application. Nano-
hydroxyapatite (nHAP) has attracted great interest as a bone substitute owing to its excellent biocompatibility and
biodegradability.”>® In addition, various dopants can be easily doped into the crystal lattice of nHAP, which endows nHAP
nanoparticles (NPs) with the optimal features required for medical applications, such as antibacterial properties, improved protein
adsorption, and biological imaging capabilities.”’** Hence, Mn ion doping is expected to endow nHAP with properties that are
essential for MRI applications and reduce the toxicity of Mn-based MRI contrast agents. In addition, Mn>" can be oxidized by
adjusting the pH conditions during the preparation of Mn-doped nHAP, leading to a higher absorbance in the NIR range and
improving its photothermal performance.?’ However, to the best of the authors’ knowledge, there are few reports on the use of
Mn-based theranostic agents with an enhanced tumor microenvironment for MR imaging-guided photothermal therapy.

In this study, the biocompatible Mn-doped nHAP nanoparticles (nHAPMn NPs) were developed for MRI-guided
photothermal therapy via a simple coprecipitation method (Figure 1). Owing to the enhanced permeability and retention
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Figure | (a and b) Schematic of nHAPMn NPs for MRI-guided photothermal therapy.

(EPR) effect, the nHAPMn system shows better relaxation and high accumulation in tumor, which improves its potential
as an MRI contrast agent for cancer diagnosis. By regulating the pH in the reaction process, the NIR absorption capacity
of the nHAPMn material can be considerably improved, which is beneficial for enhancing the photothermal ability to
eliminate tumors. The tumor microenvironment (TME) characteristically displays mild acidity, which seriously hinders
the therapeutic efficiency of the agent. Therefore, in this study, the pH values of different physiological environments
were simulated, including normal body fluid (~7.4), TME (7.0-6.5), and endosome and lysosome (6.0-5.0). nHAPMn
demonstrated improved Mn ion release capacity in a weakly acidic environment, possibly contributing to MRI-guided
PTT performance.30 These results demonstrate the potential of Mn-doped nHAP NPs as highly promising theranostic
nanoagents for MR image-guided photothermal therapy.

Experimental

Materials

CaCl,-2H,0, MnCl,-2H,0, and Na,HPO,4-12H,0 were purchased from Sinopharm Chemical Reagent Beijing Co. Ltd.
PAA (molecular weight = 1800), propidium iodide (PI), Cell counting kit-8 (CCK-8), and calcein acetoxymethyl ester
(Calcein-AM) were purchased from Sigma-Aldrich. Deionized water (18.2 MQ-cm resistivity at 25 °C) was used for all
experiments, and all chemicals were used without further purification.

Synthesis of Pure nHAP and nHAPMn

Pure and stoichiometric Mn ion-doped nHAP samples were prepared using a coprecipitation method. The molar ratio of
(Ca+Mn)/P was 1.67, and the concentrations of the Mn ions relative to the overall molar content of (Ca+Mn) ions were 0,
1, 3, 5, and 10 mol%, denoted as nHAP, nHAPMn1, nHAPMn3, nHAPMnS5, and nHAPMn10, respectively. To improve
the stability of nHAPMn in solution, polyacrylic acid (PAA) was added to nHAPMn (the mass ratio of PAA/nHAPMn
was 0.06) and subjected to ultrasonication for 10 min.

Taking the preparation of nHAPMnS5 as an example: First, 7.14 mL CaCl,-2H,0 solution (0.3 mol/L) was mixed with
1.125 mL MnCl,-2H,0 solution (0.1 mol/L) and denoted as solution A. 7.5 mL Na,HPO,4-12H,O solution (0.18 mol/L)
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was prepared and denoted as solution B. Then, solution B was quickly poured into solution A with vigorous stirring, and
the pH of the mixture was adjusted to 12 with NaOH. After 0.5 h of reaction, the mixture was heat treated at 80 °C for 3
h, separated by centrifugation, and washed four times. Finally, after incubation for 12 h at room temperature, the
materials were resuspended in deionized water and 67.5 mg PAA was added for suspension. Furthermore, nHAPMn5 was
respectively heat treated at different temperatures (25, 37, 80, 160, and 210 °C) for 3 h for magnetic measurements.
nHAP was prepared without adding MnCl,-2H,0 solution.

Material Properties, in vitro and in vivo Experiments, and Statistical Analysis
The material properties, methods used for in vitro and in vivo experiments, and statistical analysis methods are
introduced in the Supplementary experimental methods of supporting information.

All animal experiments were performed under the guidance of the Institutional Animal Care and Use Committee of
the Wuhan University of Technology and in accordance with the policies of the National Ministry of Health. BALB/C
mice were bought from Wuhan Center for Disease Control & Prevention, China and fed in Renmin Hospital of Wuhan
University in accordance with the policies ethically and legally approved by the National Ministry of Health.

Results and Discussion

Figure 2 shows that according to the standard data (JCPDS No.09-0432), the XRD pattern of nHAPMn has the
characteristic diffraction peak of hexagonal nHAP, indicating a pure hydroxyapatite phase.’! Compared with undoped
nHAP, increasing the doping concentration of Mn (nHAPMn1-10) leads to a wider pattern. According to previous
studies, this effect is attributed to the reduction in the crystal domain size caused by doping Mn ions as substitutes for Ca
jons.*? In addition, no discernible peaks corresponding to the second phase are observed. Table 1 lists the calculated
parameters a and c, crystallite size, and crystallinity of pure nHAP and nHAPMn. When the Mn ion concentration
increases, the cell parameter ¢ and crystallite size decrease, indicating the incorporation of Mn ions into the nHAP
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Intensity (a.u.)
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nHAP
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Figure 2 X-ray diffraction patterns of nHAP and nHAPMn.
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Table | Lattice Parameters, Crystallite Sizes, and Crystallinity from XRD Analysis

Sample a-Axis (A) | c-Axis (A) | Crystallite Size (A) | Crystallinity (%)
nHAP 9.44248 6.87610 186 60.11
nHAPMnI 9.44077 6.86759 134 61.80
nHAPMn3 9.44241 6.85695 125 58.98
nHAPMn5 9.45590 6.85951 127 59.44
nHAPMn10 | 9.44581 6.82690 11 47.28

structure.”'** Replacing Mn with Ca leads to the contraction of lattice parameters and a reduction in grain size because
the ion radius of Mn (+2 = 0.067 nm and +4 = 0.053 nm) is smaller than that of Ca (0.099 nm).** The compositions of the
samples were determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES) (Table S1), which
indicated that the actual molar ratio of (Mn + Ca)/P decreases with increasing Mn ion concentration.

FE-SEM was used to investigate the effect of the substitution process on the morphologies of the pure and nHAPMn
samples. As shown in Figures 3a—e, pure nHAP shows a nanorod morphology with a length of 50-200 nm, consistent
with previous reports.*® As the concentration of Mn ions increases, the nanorods become shorter. Previous XRD results

CaKal Mn Ka1 P Kat OKat

Figure 3 Field emission scanning electron microscopy (FE-SEM) images of the (a) pure nHAP, (b) nHAPMnI, (c) nHAPMn3, (d) nHAPMnS5, and (e) nHAPMn 10 samples and
(f-i) EDX mapping of nHAPMn5.
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have shown that the crystallite size of the nHAPMn samples decreases as the concentration of Mn ions increases. Thus,
the decrease in crystallite size results in a decrease in grain size. Figures 3f—i illustrate the elemental map distribution of
nHAPMnS, indicating that the particles are homogeneously dispersed within the matrix and that Ca, P, O, and Mn are
present in nHAPMn, which also confirms that the Mn ions have been doped successfully in the nHAP lattice.

HRTEM was performed to further investigate the interior morphology and size of the nHAPMn NPs. Figure 4 shows
that the lattice fringes of nHAPMnS are 0.34 and 0.46 nm, which are consistent with the (002) and (110) lattice planes in
the hexagonal nHAP structure, respectively. Biodegradation is also an essential element for biomedical applications of
nanomaterials; therefore, the biodegradation behavior of nHAPMnS NPs in PBS solutions with different pH values was
studied to simulate different physiological environments, including normal body fluids (~7.4), TME (7.0-6.5), and
endosomes and lysosomes (6.0-5.0). As shown in Figure S1, the surface of nHAPMnS is etched, and the boundary is
blurred after 3 days of PBS treatment (pH 6.5). One possible reason for this phenomenon is that the nHAPMnS particles
are degraded in acidic solutions, and the released Mn ions increase the ionic strength of the solution and enhance the
bridging effect between particles, which leads to the aggregation of the remaining nHAPMnS5 particles.*®*’ In addition,
we studied the degradation of nHAPMn5 NPs in PBS at different pH values (7.4, 6.5, and 5.5) by monitoring the release
of Mn ions (Figure S2). The ICP results indicate that acidic conditions (pH 6.5, 5.5) facilitate Mn ion leakage from
nHAPMn NPs, confirming that nHAPMn has an excellent pH-responsive capacity.

Previous studies have reported that particle size, dispersion, and surface chemical properties are important and
significantly impact biological applications. Unfortunately, previously reported nHAP NPs easily accumulate and
precipitate in aqueous solutions.*®*° Therefore, the surface modification of nHAP to obtain a stable dispersive suspen-
sion system is a prerequisite for its biological application. PAA is a water-soluble polymer that can adjust its particle
morphology by electrostatic interactions between the functional groups and the particle surface.*® Moreover, the large
number of carboxyl functional groups in PAA provides a hydrophilic surface for obtaining NPs with excellent water
solubility and biological activity. Hence, PAA treatment was performed before measuring the particle size distribution of
the samples. As shown in Figure S3, after PAA treatment, nHAPMn remains stable for a long time in aqueous solutions.
However, in the absence of PAA, nHAPMnS5 can quickly aggregate within 1 h. Figure 5a shows that the hydrodynamic
diameter (HD) of nHAP and nHAPMn is approximately 100-200 nm, enabling effective uptake by tumor cells based on
the EPR effect.” In addition, owing to the adequate number of carboxyl groups in PAA, nHAP and nHAPMn NPs have
negatively charged surfaces (Figure 5b).

Figure 6 shows FT-IR spectra of the dried powders (nHAP and nHAPMn), exhibiting the typical vibrational modes of
nHAP, indicating that incorporating Mn into nHAP does not influence the vibrational modes of pure nHAP.*'** The
peaks between 560 and 630 cm™ ' and at 466 cm ™' correspond to v4 PO,>” and v2 PO,>", respectively.**** No peaks
corresponding to the functional groups of undoped nHAP were observed, indicating that nHAPMns obtained by
coprecipitation synthesis maintain a similar structure to undoped nHAP.

Figure 7 shows the XPS spectra of the nHAPMnS sample; the observed binding energies for Ca, P, O, and C are 347.05,
133.36, 531.27, and 285.31 eV, respectively. As is known, the color of the divalent Mn ions is pink, and it is relatively stable

Figure 4 Transmission electron microscopy (TEM) (a) and high-resolution (HR) TEM (b) images of nHAPMn5.
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Figure 5 Dynamic light scattering (a) and zeta potentials (b) of nHAP and nHAPMn.
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Figure 6 Fourier transform infrared (FT-IR) spectra of nHAP and nHAPMn.

under slightly acidic conditions without an oxidant.*> However, when exposed to strong oxidants such as potassium
permanganate, it is oxidized to insoluble hydrate precipitates with valences of 4" (such as Mn oxyhydroxide, brown).
Moreover, it can be easily oxidized by air or hydrogen peroxide under alkaline conditions or by reacting with silver ions or
silver ammonia solutions.”> Previous studies have shown that Mn?" in doped materials mainly oxidizes to Mn*".!''#647
Therefore, the XPS data of Mn 2p were carefully peak fitted and are presented in the inset of Figure 7. The results show that
Mn?" and Mn*" exist simultaneously, and the proportions of Mn®" and Mn*" are 42.77% and 57.23%, respectively.
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Figure 7 X-ray photoelectron spectroscopy (XPS) survey scan and theoretical calculation of nHAPMn5.

Notably, during the preparation process, the color of the mixed solution of the nHAPMn ions rapidly turns dark
brown at pH 12. Such a result is ascribed to a change in the valence state of the Mn ions from 2" to a 2/4" mixed valence
state caused by the inference of the XPS test. Furthermore, the color of the nHAPMn solution becomes darker upon an
increase in the Mn ion concentration, affecting the absorption of light (Figure S4). Hence, combining UV—vis—NIR
absorption spectra and XPS analysis, we can conclude that the ratio between Mn?" and Mn*" in our study may be
controlled by adjusting the pH during preparation. As shown in the UV—vis absorption spectrum of nHAPMn (Figure 8),
upon increasing the Mn ion concentration, the spectrum shows a steady increase and higher absorbance in the NIR range.
The strong absorption of nHAPMn NPs in the NIR range was expected to demonstrate better photothermal performance
compared to pure nHAP. Therefore, the changes in the photothermal performance of nHAPMn after oxidation were
further explored and are discussed in the following sections.

To evaluate the potential of nHAPMn as an MRI contrast agent, vibrating sample magnetometry (VSM) was used to
quantify the magnetic field dependence. First, we studied VSM at different preparation temperatures (Figure S5). The
results show that both coercivity and remanence are zero at room temperature. No hysteresis or magnetic transition were
observed, indicating that all samples are paramagnetic, and the preparation temperature has no effect on the magnetiza-
tion of the materials. Figure 9 shows the room-temperature magnetization curves of pure nHAP and nHAPMn at different
Mn doping concentrations. The nHAPMn10 sample exhibited the highest magnetization value (0.34 emu/g), and the
magnetization level of nHAP increased with increasing Mn doping concentrations, which is consistent with previous
reports.*”*® In addition, nHAPMnS5 prepared at pH=12 showed relatively weak magnetization compared to that prepared
at pH=10; however, the underlying mechanism is still unclear (Figure S6).

To further explore the potential of nHAPMnS5 as a T1 MRI contrast agent, the longitudinal relaxation rate (r1) reflecting the
ability to shorten the longitudinal relaxation time of water proton T1 was measured using a 7T MRI scanner at room
temperature. The final values were calculated from the slopes of the curves presented in Figure 10. Increasing the doping
concentration of Mn ions significantly enhances the MRI signal, indicating that NPs produce a high magnetic field gradient on
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Figure 8 Ultraviolet—visible-NIR (UV-vis—NIR) absorption spectra of nHAP and nHAPMn.
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Figure 10 In vitro MRI studies of nHAPMn5 treated with PBS (pH 6.5 and 7.4). Inset: T|-weighted MR images of nHAPMn5 at various Mn ions concentrations (0, 0.25, 0.5,
1.5, and 2.5 mM) and different PBS conditions (pH 6.5 and 7.4).

their surfaces. The r1 value of nHAPMnS treated in normal conditions (PBS, pH 7.4) was 0.44 mM ' sl After 24
h incubation in PBS (pH 6.5), the r1 value of nHAPMn5 was as high as 0.91 mM ' s™', which was twice as much as the
former. Therefore, compared to a neutral environment, more Mn ions that enable facile exchange with the surrounding water
molecules are produced in weakly acidic conditions, decreasing the relaxation times of the protons and resulting in more
effective MRI enhancement. This indicates that nHAPMnS5 could be a potential contrast agent for T1-weighted MRI in an
acidic tumor microenvironment.

The photothermal performance was first investigated by recording the temperature changes of nHAPMnS5 prepared at
pH 10 and 12 (Figure S7). The results show that the photothermal performance of nHAPMnS5 prepared at pH 12 is
markedly improved compared to that at pH 10. Hence, the photothermal performance of nHAPMn5 prepared at pH 12
was further investigated. First, nHAP, nHAPMnl, nHAPMn3, and nHAPMn2 were respectively exposed to an 808 nm
laser with a power density of 1 W/cm? for 15 min. As shown in Figure 11a, under continuous NIR irradiation, the
temperature of the nHAPMn NP sample increased rapidly. After irradiation for 15 min, nHAPMn NPs showed
a significant temperature increase, but no significant temperature increase was detected in the nHAP samples. The
temperature rise of nHAPMn is related to the increase in the Mn ion doping concentration. The corresponding infrared
thermal images were obtained to monitor the photothermal effect of nHAPMn NPs (Figure 11b). In addition, with the
increase in power density, the temperature increase is also significant (Figure 11c). Therefore, it can be concluded that
nHAPMn NPs exhibits photothermal behavior that is dependent on the Mn ion doping concentration, laser power, and
irradiation time. The efficiency of photothermal conversion is 26%, which was evaluated according to previous reports
and the obtained data (Figure 11d).*° In addition, the temperature profiles of nHAPMnS5 upon light irradiation show no
obvious changes during five repeated laser on and off cycles (Figure 11e), indicating its excellent photostability. Notably,
the degradation ability is reported to be closely associated with the photothermal performance. Interestingly, the

photothermal performance of nHAPMn5 soaked in PBS solutions with pH 5.5 and 6.5 for 7 days did not change
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Figure 11 (a) Heating properties of the nHAPMn solution with various Mn ion doping concentrations during irradiation with an 808 nm laser (I W/cmz), (b) corresponding
infrared thermal images of the nHAPMn solution with various Mn ion doping concentrations during irradiation with an 808 nm laser (I W/cm?), (c) temperature increase of
the nHAPMn5 solution irradiated with various power densities using an 808 nm laser, (d) corresponding heating and cooling curves and fitted line based on the data in the
cooling stage, (e) thermal stability of nHAPMn5 during five on and off cycling processes.

significantly compared with that in a pH 7.4 PBS solution, indicating that the acidic environment does not affect the
photothermal properties of the nHAPMn NPs (Figure S8). In summary, the obtained nHAPMn NPs are promising
photothermal agents for tumor treatment.

CCK-8 and hemocompatibility assays were conducted to evaluate the biocompatibility of the prepared nHAPMn NPs
before in vivo application. Figure 12a shows that no evident cell toxicity occurs after 1-3 days of incubation with the
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Figure 12 (a) CCK-8 assay of MC3T3-EI cells after incubation with nHAP and nHAPMn (100 pg/mL) after I, 2, and 3 days of treatment. (b) Hemolysis of nHAPMn5 NPs
after incubation with red blood cells at various concentrations.

nHAP and nHAPMn samples. Moreover, the pure PAA group exhibits no obvious cell toxicity, suggesting that PAA is
not harmful to the human body. In addition, the calculated hemolysis ratio (Figure 12b) is less than 3% at the maximum
nHAPMnS5 concentration (1000 pg/mL). This finding indicates that nHAPMn NPs are biocompatible and can be used for
in vivo cancer treatment by intravenous injection, which is attributed to the biocompatible synthetic route and excellent
water stability.

MG63 cells were used to evaluate the PTT effect of nHAPMn NPs in vitro. As shown in Figure 13a, after being
exposed to an 808 nm laser for 10 min, the relative viability of the MG63 cells decreased significantly upon an increase
in the nHAPMn5 NP concentration. On the contrary, there was no significant difference in cell viability between groups
without laser irradiation. Finally, approximately 87% of MG63 cells were killed by the PTT effect induced by nHAPMnS5
(500 pg/mL). To further prove the thermal ablation effect of nHAPMnS in vitro, a staining experiment was conducted
using calcein-AM/PI to detect MG63 cell death induced by the PTT effect. As shown in Figure 13b, strong green
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Figure 13 (a) Cell viability of the MG63 cells treated with nHAPMn5 at different concentrations under an 808 nm laser (1 W/cm?) (*P<0.05, **P<0.01, *¥*P<0.001) and (b)
corresponding fluorescence images of the MGé63 cells stained with Calcein-AM and PI. Scale bar = 50 um.
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fluorescence was detected in the control (light off) and nHAPMn5 groups, indicating that most cells were alive.’*!

However, strong red fluorescence signals were observed in the nHAPMnS5 plus laser irradiation group, which indicated
that local hyperthermia induced by nHAPMnS5 led to high cell mortality. Based on these findings, it is inferred that
nHAPMnS5 exhibits good PTT response behavior and antitumor effect in vitro.>?

Next, the in vivo performance of nHAPMn was evaluated in tumor-bearing mice using a 9.4T clinical MRI
equipment. nHAPMn5 (1 mg per mouse) was injected intravenously into mice, and axial T1-weighted MR images
were acquired at designed time intervals (0, 2, 4, 8, 12, and 24 h). As shown in the Figure 14a, 2 h after the injection of
the sample, an enhanced signal and significant positive contrast effect were obtained in the tumor area, which indicated
that a considerable number of nHAPMn5 NPs accumulated according to the EPR effect. After 24 h, the MR signal of the
tumor area slightly weakened, but it could still be clearly detected. To better understand the change in the MR signal at
the tumor area, ImageJ was used to quantitatively analyze the estimated corresponding signal intensity of the tumor and
the results was shown in Figure 14b. Overall, before injection, the tumor exhibited a low signal intensity of 2.84 units;
after intravenous injection of the substance, the signal intensity gradually increased reaching the highest level after 12
h and then slightly weakened, which was consistent with the MRI results. These results showed that nHAPMn has
excellent contrast effects and high tumor targeting abilities.

Motivated by its excellent in vitro PTT anticancer and MR performance, we investigated the tumor inhibition capacity
of nHAPMnS in MG63 tumor-bearing mice. The mice bearing MG63 tumors were randomly divided into four groups: (i)
PBS, (ii) PBS+NIR, (iii) nHAPMn3, and (iv) nHAPMn5+NIR. Based on the MRI results indicating that the highest
concentration of nHAPMnS in the tumor site appeared 12 h after injection, the PBS+NIR and nHAPMn5+NIR groups
were arranged to receive 10 min NIR laser irradiation 12 h after injection. At the beginning of the treatment, nHAPMn5
(1 mg per mouse or equivalent PBS) was injected intravenously into the mice, and a thermal imaging camera was used to
monitor the temperature changes in tumors in the PBS+NIR and nHAPMn5+NIR groups. Figure 15a shows that 12
h after injection of nHAPMn5, the temperature of the tumor rapidly reached approximately 50 °C under the irradiation of
an 808 nm laser (1 W/ecm?). On the contrary, under the same conditions, there was no obvious change in the PBS+NIR
group, indicating the PTT ability of nHAPMn5 to tumors. After 10 min of PTT treatment, the tumor dimensions and
body weights were recorded every 2 days. As shown in Figures 15b and c, the tumors in the nHAPMn5 + NIR groups
were completely ablated after 14 days of treatment with no obvious recurrence during the experiments, suggesting the
prominent PTT performance of nHAPMn. However, no tumor inhibitory effect was shown during the 14 day treatment in
other groups. In addition, the body weight of mice remained stable during the treatment (Figure 15d), which indicated
that nHAPMn exhibits good biocompatibility.* Hematoxylin-eosin (H&E) staining of tumor tissue (Figure 15¢) showed
a large area of apoptosis in the tumor treated with nHAPMnS and 808 nm laser irradiation, whereas tumors treated with
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Figure 14 (a) Tl-weighted MR coronal images of tumor-bearing mice at different times after intravenous injection of nHAPMn5 and (b) corresponding T|-weighted MRI-
signal intensities.
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Figure 15 (a) Temperature rise curve in the irradiated area of tumor-bearing mice injected with PBS and nHAPMn5 (10 min, | W/cm?, the inset corresponds to the infrared
thermogram), (b) changes in the relative tumor volume of each group of tumor-bearing mice, and (c) images of tumor changes in mice before and after treatment. (d)
Weight of mice within 14 days, and (e) images of tumor tissues in the above four groups analyzed by hematoxylin-eosin staining (H&E, scale bar=100 um).

PBS alone showed relatively small areas of apoptosis. Moreover, the tumor tissues in the PBS, PBS+NIR, and nHAPMn5
groups were dense and rich in the vascular system, indicating that the tumor grew rapidly. In summary, the tumor-bearing
mice experiment showed that nHAPMn is a very promising MRI-guided PTT material, which can be used to effectively
ablate tumors.

The toxicity of nHAPMnS NP was further studied, and the blood and main organs of tumor-bearing mice were
collected for routine blood parameters, blood biochemistry, and H&E staining. In the blood biochemical test, six
important indexes of liver and kidney function, including aspartate ALP, transaminase (AST), alanine albumin (ALB),
aminotransferase (ALT), creatinine (CREA), and BUN, were studied, and the results are shown in Figures 16a—d. No
significant difference was observed in the levels of these markers between the PBS and nHAPMnS5+NIR groups,
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Figure 16 (a and b) Liver function (ALT, AST, alkaline phosphatase (ALP), and ALB) and (c and d) kidney function (CREA and blood urea nitrogen (BUN)) of tumor-bearing
mice. (e-l) Data of complete blood counts: white blood cells (WBCs), red blood cells (RBCs), HGB, mean corpuscular volume (MCV), mean corpuscular hemoglobin
concentration (MCHC), mean corpuscular hemoglobin (MCH), PLT, and HCT. (m) H&E staining images of the primary organs 14 days after the injection of n(HAPMn5 (scale
bars: 100 um).

indicating that nHAPMn exhibits good liver and kidney safety.’* Furthermore, no significant differences were observed
in the standard blood parameters, including RBCs, WBCs, hemoglobin (HGB), platelets (PLT), hematocrit (HCT), MCV,
MCH, and MCHC, between the PBS and nHAPMnS5 groups. Such a finding indicates that nHAPMn exhibits good blood
compatibility (Figures 16e—1). H&E staining was performed for further evaluation, and the result is shown in Figure 16m.
Compared with the PBS group, the tissue structure of the main organs (heart, liver, spleen, lung, and kidney) of tumor-
bearing mice was stained with hematoxylin and eosin, and the results show that after 14 days of PTT treatment, no

International Journal of Nanomedicine 2023:18 hitps: 6115
Dove:


https://www.dovepress.com
https://www.dovepress.com

Li et al Dove

obvious damage could be observed (including inflammation, cell necrosis, or apoptosis). To study the effect of the
material in the first few days, blood biochemical tests and H&E staining were also conducted 24 h and 72 h after
injection, respectively (Figure S9). All the results showed that nHAPMn was safe for mice, exhibiting good MRI-guided
PTT ability, biocompatibility, and negligible toxicity. The innovation of this study has been summarized in the Methods
section of the Supplementary Information.

Conclusions

For the first time, Mn-doped nHAP NPs were successfully prepared for MRI-guided PTT as theranostic agents. The
obtained nHAPMn NPs were well suited to MRI and showed high photothermal efficiency and negligible toxicity. In
vivo MRI results showed that nHAPMn began to spread and extended over the entire tumor area 12 h after injection. In
addition, n(HAPMn was proven to be a potential photothermal agent with high photothermal conversion efficiency (26%)
owing to its strong light absorption in the NIR range. In vivo PTT results showed that the tumor was effectively ablated
within 14 days. Furthermore, our study revealed that the biodegradation of nHAPMn and the release of Mn ions
amplified the MRI signals in the acidic TME, indicating that nHAPMn has good pH-responsive MR capacity in solid
tumors. No recurrence or adverse effects were observed during the experiments. Therefore, nHAPMn NPs were proven
to be efficient nanotherapeutic agents exhibiting great clinical benefits and transformation potential for accurate and
personalized treatment of cancer.
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