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has limited functions and can not echo the 
growing demands induced by the shift in 
the focus of modern medicine from the 
group to the individual, which is one of 
the basic characteristics of individualized 
treatment.[3] For example, theranostics, the 
idea of combing diagnostic modalities and 
therapy technogies together, has recently 
triggered a tumult of activity in the design 
and development of multifunctional bio-
materials (i.e., theranostic agents) as cli-
nicians seek to conveniently locate the 
diseased tissue before treatment, monitor 
the therapeutic procedure during trea-
ment, and evaluate the therapeutic effect 
after treatment, all of which are likely to 
facilitate the implementation of individu-
alized treatment.[4] Among numerous 
theranostic agents, near-infrared (NIR) 
light absorbing agents for photoacoustic 
(PA) tomography and photothermal 
therapy (PTT) are fascinating because of 
the merits of noninvasiveness and min-
imal side effect. The well-known light 

absorbing agents include plasmonic metal nanostructures,[5] 
copper-based semiconductors,[6] carbon nanomaterials,[7] 
2D graphene analogs,[8] and organic conjugated polymers,[9] 
which usually have good photothermal performance but rela-
tively poor biodegradability, raising the concern of long-term 
safety. Recently, special attentions have been paid to several 
kinds of intriguing light absorbing biomaterials with the capa-
bility of excellent biodegradability or rapid renal clearance, 
i.e., porphysome nanovesicles,[10] Fe3+-gallic acid nanodots,[11] 

Humic acids, a major constituent of natural organic carbon resources, are 
naturally formed through the microbial biodegradation of animal and plant 
residues. Due to numerous physiologically active groups (phenol, carboxyl, 
and quinone), the biomedical applications of humic acid have been already 
investigated across different cultures for several centuries or even longer. 
In this work, sodium humate, the sodium salt of humic acid, is explored as 
phototheranostic agent for light-induced photoacoustic imaging and photo-
thermal therapy based on intrinsic absorption in the near-infrared region. The 
purified colloidal sodium humate exhibits a high photothermal conversion 
efficiency up to 76.3%, much higher than that of the majority of state-of-
the-art photothermal agents including gold nanorods, Cu9S5 nanoparticles, 
antimonene quantum dots, and black phosphorus quantum dots, leading 
to obvious photoacoustic enhancement in vitro and in vivo. Besides, highly 
effective photothermal ablation of HeLa tumor is achieved through intratu-
moral injection. Impressively, sodium humate reveals ultralow toxicity at the 
cellular and animal levels. This work promises the great potential of humic 
acids as light-mediated theranostic agents, thus expanding the application 
scope of traditional humic acids in biomedical field.

Phototheranostic Agents

Naturally derived biomaterials, possessing excellent biocompat-
ibility and biodegradability, are commonly preferred in clinical 
trials and may have more feasibility of being approved by the 
food and drug administration when compared with chemically 
synthetic biomaterials.[1] Until now, tremendous natural bio-
materials have been employed for different biomedical appli-
cations, such as collagen for surgical sutures, sodium alginate 
or chitosan for drug carriers, and fibrin for styptic powders.[2] 
However, the majority of current natural biomaterials usually 
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 polyoxometalate clusters,[12] mealnin,[13] pheophytin,[14] and 
melanoidins.[15] Take melanoidin as an example, melanoidins 
prepared through the Maillard reaction of glucose and amino 
acid not only own a high photothermal conversion efficiency, 
but also exhibit good biodegradability and efficient renal clear-
ance.[15] Even so, considering the feasibility for further clinical 
trials, the direct use of highly biocompatible and biodegradable 
natural biomaterials should be a better choice for light-induced 
diagnostic and therapy.

Humic acids, along with fulvic acids, are the two major compo-
nents of humic substances, which are naturally formed through 
the microbial biodegradation of animal and plant residues 
and account for approximately 50% of the earth’s total carbon 
resources.[16] Humic acids are complex macromolecules that are 
soluble in alkaline media but partially soluble in water. Due to the 
existence of rich functional groups (phenol, carboxyl, enol, qui-
none, etc.), humic acids exhibit some fascinating features, such 
as easy chelation with metal ions, antioxidant, anti-inflammatory, 
and regenerable electron acceptors,[17] and thus have been widely 
used in the fields of agriculture, environment, biomedicine, and 
energy.[18] Impressively, humic acids have already been used for 
medical applications across different cultures for several cen-
turies or even longer. It is reported that moor peat containing 
high humic acid has been used to promote wound healing even 
long ago in Babylonia and the Roman Empire.[19] Since the Ming 
Dynasty of ancient China, the famous drug “Wujinsan” has been 
used for gynecopathy, and recently, it is found that its active ingre-
dient is also humic substance. So far, although the precise com-
ponent and structure are still undefined, humic acids have been 
proved to be effective in the prevention and treatment of many 
diseases, especially for musculoskeletal, gynecological, and skin 
diseases. Several commercial drugs (e.g., Salhumin and Humet-R 
syrup) have been developed.[19] Hence, humic acids should be safe 
for some specific biomedical applications. However, the thera-
nostic application of humic acid has not yet been demonstrated to 
our best knowledge, and it would be highly desirable and valuable 
to expand the biomedical application scope of traditional humic 
acids. Herein, we demonstrated for the first time that sodium 
humate (denoted as SH), the sodium salt of humic acid, could 
serve as promising theranostic agent for light-induced photo-
acoustic imaging and PTT due to intrinsic absorption extended 
from ultraviolet (UV) to NIR region (Figure 1). The molecular 

model of humic acid is adopted from the previous report.[20] 
Compared with the majority of state-of-the-art phototheranostic 
agents, SH may have several outstanding advantages: (1) SH 
has a high-photothermal conversion efficiency up to 76.3%;  
(2) SH has been used for a long time for biomedical purposes 
and possesses excellent biocompatibility; (3) SH is very cheap and 
abundant.

Commercial sodium humate from Aldrich was puri-
fied by centrifugation and dialysis to get rid of the insoluble 
residues and small molecules, respectively. Of note, sodium 
humate instead of humic acid was used here because of the 
relatively poor solubility of humic acid in water. After freeze-
drying, the purified black SH powders are quite fluffy and 
can be well redispersed in water phosphate buffer saline 
(PBS), and cell-culture media (Figure S1, Supporting Infor-
mation), and no precipitation was observed upon standing 
for more than 2 months (Figure S2, Supporting Informa-
tion). Such good dispersivity of SH should be ascribed to 
high zeta potential (ζ) of SH. For 0.5 and 2 mg mL−1 of SH, 
the ζ potentials were as high as −46.56 ± 1.83 and −45.37 ±  
2.92 mV, respectively. The average hydrodynamic diameters 
of SH solutions with concentrations of 0.02, 0.05, 0.1, 0.2, 0.5, 
and 2 mg mL−1 determined by dynamic light scattering (DLS) 
method were 345.4 ± 50.1, 340.3 ± 16.9, 224.5 ± 10.3, 210.1 ± 
9.5, 144.5 ± 2.7, and 127.7 ± 4.4 nm, respectively (Figure S3, 
Supporting Information). These results showed that the hydro-
dynamic diameters of SH solutions decreased with the increase 
of SH concentrations. As shown in the inset of Figure 2a, typical 
Tyndall phenomenon emerged upon laser irradiation, indicating 
the colloidal characteristics of SH solution. This was attributed 
to that SH could form colloidal micelles due to the existence of 
both hydrophilic and hydrophobic moieties.[21] However, no reg-
ular nanoparticles can be observed in TEM image (Figure S4,  
Supporting Information). The possible reason is that the weak 
or inconsistent interactions between sodium humate molecules 
are changed with the evaporation of water, resulting in the for-
mation of irregular morphology. Energy-dispersive X-ray spec-
troscopy (EDS) results indicated that SH mainly consisted of C, 
O, and Na (Figure S5, Supporting Information). Fourier trans-
form infrared (FTIR) spectrum of SH confirmed the existence 
of numerous groups, such as phenol, carboxyl, and quinone 
groups (Figure S6, Supporting Information).

Adv. Healthcare Mater. 2018, 1701202

Figure 1. Schematic representation of sodium humate for light-induced photoacoustic imaging and photothermal therapy of tumor. Black sodium 
humate powders formed through the microbial biodegradation of animal and plant residues are soluble in water, and have numerous physiologically 
active groups.
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The absorbance spectra of SH dissolved in PBS solution 
(pH = 7.4) were shown in Figure 2a. Broad absorbance in the 
vis–NIR region was probably because of the interaction of the 
electron donor (e.g., polyhydroxylated aromatic and phenol) 
and the electron acceptor (e.g., quinone) in close proximity.[22] 
The absorption decreased with increasing wavelength, which 
is similar to that of graphene oxide,[23] black phosphorus,[24] 
and melanoidin.[15] Figure 2b exhibited that the absorption of 
SH at 808 nm scaled linearly with the increase of concentra-
tions, further confirming the good dispersivity of SH in water. 
The inset in Figure 2b was the corresponding digital photo-
graphs of SH solutions with different concentrations from 
0.125 to 2 mg mL−1. As shown in Figure S7 in the Supporting 
Information, no fluorescence was observed under excitation 
wavelength of 360, 450, and 570 nm, indicating ultralow fluo-
rescence quantum yield of sodium humate. Then, the pho-
tothermal performance of SH solution was evaluated. Under 
the irradiation of 808 nm laser with an output power of 2 W 
for 10 min, the SH solutions with gradient concentrations (0, 
0.125, 0.25, 0.5, 1, and 2 mg mL−1) exhibited apparent time 
and concentration-depended temperature elevation, while 
deionized water as control showed little temperature change 
(Figure 2c,d). For example, the temperature of SH solution 
with a concentration of 1 mg mL−1 raised from 21.6 to 53.9 °C 
in 10 min, which is high enough for photothermal ablation of 
cancer cells.

To further evaluate the photothermal ability, the photo-
thermal conversion efficiency (η) of SH. was calculated 
according to a previously reported method.[25] The η of SH was 
determined to be 76.3% (Figure 3a,b), much higher than that 
of the majority of state-of-the-art photothermal agents including 
gold nanorods (21%),[26] Cu9S5 nanoparticles (25.7%),[27] MoS2 
(24.37%),[28] antimonene quantum dots (45.5%),[29] and black 
phosphorus quantum dots (28.4%).[24] The possible reasons 
for the high photothermal conversion efficiency of sodium 
humate include strong intramolecular charge-transfer inter-
actions between hydroxy-aromatic donors and quinoid accep-
tors, low fluorescence quantum yield, and negligible optical 
scattering.[15,22b] Besides, CTAB-coated Au nanorods were used 
as a control, and the η of of Au nanorods was calcuated to be 
28.2% (Figure S8, Supporting Information), a little higher 
than that of the previously reported Au nanorods (21%),[26] 
which may be caused by different laser power and different Au 
nanorods concentrations. In addition, the photothermal sta-
bility of SH was also evaluated. As illustrated in Figure 3c,d, 
the temperature change of SH solutions remained almost the 
same after three-repeated irradiation cycles and the absorbance 
of SH solution before and after laser irradiation for 30 min was 
almost the same, suggesting an excellent photothermal stability 
for SH. The high photothermal conversion efficiency and excel-
lent photothermal stability implied the high potential of SH as 
theranostic agents for light-induced PTT and PAT.

Adv. Healthcare Mater. 2018, 1701202

Figure 2. a) The vis–NIR absorption spectra of SH solutions. Inset is digital photography showing Tyndall phenomenon of SH solution upon laser 
irradiation. b) The fitting curve of the absorbance of SH solutions at 808 nm as a function of concentrations, and the inset is digital photograph of 
different concentrations of SH. c) Temperature elevation of SH solutions with different concentrations and deionized water under an 808 nm laser 
irradiation. d) The corresponding temperature changes of different concentrations of SH solutions for 10 min irradiation.
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A common concern about biomaterials for clinical applica-
tion is the biocompatibility. The cytotoxicity of natural SH was 
evaluated using a standard MTT (3-(4, 5-dimethylthiazol-2-yl)-2, 
5-diphenyltetrazolium bromide) assay. As shown in Figure 4a 
and FigureS5 (Supporting Information), no apparent cytotox-
icity of SH was observed after the exposure to HeLa, Panc-1, 
and HUVEC cells for 24 or 48 h (Figure 2gh; Figure S9, Sup-
porting Information). For example, even at a high concentration 
of 2 mg mL−1 of SH, the HeLa cell viability could be more than 
98%. In addition, as shown in Figure S10 in the Supporting 
Information, the cell viability of HeLa cells after 24 h incuba-
tion was 85.4% even at a high concentration of 8 mg mL−1  
of SH, indicating no obvious cytotoxicity. When the SH concen-
tration is up to 10 mg mL−1, the cell viability of HeLa cells is 
55.3%, indicating a little cytotoxicity. Besides, in vitro hemol-
ysis assay was conducted. As shown in Figure S11 (Supporting 
Information), negligible hemolysis of red blood cells (RBCs) 
was observed after incubation with different concentrations 
of SH for 6 h, indicating excellent blood compatibility of SH. 
These results suggested the ultralow cytotoxicity of SH for bio-
medical applications.

Motivated by the ultralow cytotoxicity and high photothermal 
performance of SH, the photothermal ablation of cancer cells 
was evaluated. HeLa cells were incubated with culture media 
containing different concentrations of SH for 4 h, and then irra-
diated by a NIR laser (808 nm, 4 W cm−2) for 10 min. After the 
irradiation, calcein acetoxymethyl ester (AM) and propidium 

iodide were then used to stain living and dead HeLa cells for 
visualization, respectively. As shown in Figure 4a–f, when HeLa 
cells were treated with laser irradiation or SH alone, vivid green 
fluorescence was observed in the whole well, depicting no 
apparent cell death. In contrast, when HeLa cells were treated 
with both laser irradiation and SH, red fluorescence emerged, 
suggesting cell death due to the excellent photothermal effect 
of SH, and more cells died with the increase of SH concentra-
tions. The ability of photothermal ablation was further quantita-
tively evaluated by a standard MTT assay. As shown in Figure 4i, 
the cell viability of HeLa cells decreased with the increase of SH 
concentrations, consistent with the above fluorescence staining 
results. When incubated with SH solution with a concentration 
of 1 mg mL−1, only less than 16% of cells remained alive under 
irradiation, indicating SH combing the NIR light can effectively 
induce cell death through obvious photothermal effect.

To further demonstrate the photothermal capability of SH, 
the in vivo PTT experiment was conducted by using HeLa 
tumor-bearing Balb/c nude mice as model animals. Twenty 
mice were randomly divided into four groups, named “Control”,  
“Laser only”, “SH only,” and “SH+Laser” groups, After intratu-
moral injection of SH solution (25 µL, 10 mg mL−1), infrared 
thermal camera was used to monitor the temperature change 
during laser irradiation (808 nm, 1.1 W cm−2). Of note, the 
effective sodium humate concentration in the living tissues 
should be much less than 10 mg mL−1 although the injec-
tion concentration is 10 mg mL−1, because sodium humate 

Adv. Healthcare Mater. 2018, 1701202

Figure 3. a) The heating/cooling curves of SH solution (2 mL, 1 mg mL−1) under laser irradiation (808 nm, 2 W). b) The fitting linear curve of time 
data versus −ln θ acquired from the cooling period, and the time constant (τs) for heat transfer was calculated to be 541.7 s. c) Heating/cooling curves 
of SH solution with a concentration of 0.5 mg mL−1 for three times repeated irradiation cycles. d) Vis–NIR absorption spectra of SH solution for  
30 min before and after irradiation.
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can spread to the surrounding tissues upon the injection of 
sodium humate into mice within a short duration. As shown in 
Figure 5a, for “SH+Laser” group, the temperature in the tumor 
region raised from 36.3 to 59.7 °C within 10 min, high enough 
to ablate the tumor. In contrast, the temperature change for 
“laser only” group is only about 5.2 °C. After the treatments, 
the tumor tissues were extracted from different groups, and 
the corresponding tumor slices by histological hematoxylin and 
eosin (H&E) staining were shown in Figure 5b. Obvious kary-
orrhexis, pyknosis, and karyolysis arose for “SH+Laser” group, 
suggesting severe tumor necrosis damage, while no tumor 
damage phenomenon emerged for the other three groups. 
Black arrows indicated karyorrhexis, red arrows indicated 
pyknosis, and yellow arrows indicated karyolysis. In addition, 
TUNEL assay indicated that obvious green fluorescence was 
observed only in the group of “SH+Laser”, indicating severe 
cell apoptosis, which is in accordance with the H&E staining 
results (Figure S12, Supporting Information). The tumor 
volume and mice weight were measured every 2 d. As shown in 

Figure 5c, the tumors of “SH+Laser” group were ablated after 
laser irradiation, only leaving black scars which disappeared 
in the 12th day, and no tumor recurrence occurred in 20 d. 
In contrast, the tumor volumes of the other three groups all 
reached about 700 mm3, indicating a rapid tumor growth. The 
detailed tumor changes were also recorded by a digital camera 
and representative photographs of mice from different groups 
was shown in Figure S14 in the Supporting Information. In 
addition, the weights of four groups were almost the same 
during 20 d, suggesting SH or laser irradiation almost did not 
affect the living state. Then, the mice were sacrificed and the 
corresponding tumor photos were displayed in Figure 5e. The 
change of tumor size and weight were in accordance with their 
volume growth (Figure 5e; FigureS14, Supporting Informa-
tion). These results proved that SH combing NIR laser could 
effectively ablate tumor in vivo through intratumoral injection.

To evaluate whether SH caused in vivo toxicity, major organs 
(heart, liver, spleen, lung, and kidney) of mice were extracted 
from “SH+Laser” group after the treatments. H&E staining 

Adv. Healthcare Mater. 2018, 1701202

Figure 4. a–f) Fluorescence microscopy images of HeLa cells with different treatments: a) the control group; b) laser irradiation only; c) 1 mg mL−1 SH 
only, d) Laser + 0.25 mg mL−1 SH, e) Laser + 0.5 mg mL−1 SH, f) Laser + 1 mg mL−1 SH. Scale bar is 0.5 mm. g) The viability of HeLa cells exposure 
to SH solutions with different concentrations for 24 h. h) The viability of HeLa cells exposure to SH solutions with different concentrations for 48 h.  
i) The viability of HeLa cells exposure to SH solutions with different concentrations under laser irradiation (808 nm, 4 W cm−2) for 10 min (n = 4, mean 
± s.d., ***p < 0.001).
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results were shown in Figure S15 in the Supporting Informa-
tion, no obvious pathological changes emerged and their histo-
morphologies were integral. Further serum biochemistry assay 
was conducted on these two groups (healthy “control” group 
and “SH+Laser” group). As shown in Table S1 (Supporting 
Information), the serum parameters of “SH+Laser” group 
exhibited no obvious difference with that of “control” group, 
including the liver indices of ALT, AST, and ALP and the kidney 
indicators of UA and UREA, further confirming ultralow tox-
icity of SH to mice. These results were reasonable because 
natural humic acids have been used as commercial agents for 
several centuries, and should be safe for some specific diseases. 
Therefore, the excellent biocompatibility illustrated that SH was 
suitable for further biomedical application.

A variety of studies has shown that photothermal agents can 
also serve as effective photoacoustic contrast agents. Therefore, 
we expect that natural SH with high photothermal conversion 
efficiency can also enhance photoacoustic imaging to achieve 
high resolution and deep tissue penetration. To evaluate the 
photoacoustic performance of SH, a series of SH solutions 
with concentration from 1 to 10 mg mL−1 were prepared and 
their photoacoustic amplitudes were evaluated. As shown in  
Figure 6a,c, the photoacoustic enhancement of SH can be obvi-
ously observed under the irradiation of an 808 nm pulse laser 
with a low power of 1.6 mJ cm−2, and the intensity increased line-
arly with the increasing concentrations. In addition, the intensity 
of photoacoustic signal of SH solution at 10 mg mL−1 is about 
5.9 times higher than that of deionized water. Inspired by the 
excellent photoacoustic performance in vitro, we then conducted 
the photoacoustic imaging in vivo. As shown in Figure S16 in  
the Supporting Information, there was only a weak photo-
acoustic signal in the tumor region due to the  existence of 

blood hemoglobin molecules with low intrinsic NIR absorption. 
In contrast, the photoacoustic signal enhancement expanded 
throughout almost the whole tumor region 30 min after the 
intratumoral injection of SH (50 µL, 10 mg mL−1), suggesting 
that SH could rapidly penetrate the whole tumor region from 
the injection site through the diffusion effect. Based on this, 
we then evaluated the potential preferential tumor accumu-
lation by the intravenous injection. The SH PBS solutions  
(100 µL, 10 mg mL−1) was intravenously injected through the 
tail vein, and then the photoacoustic imaging of tumor region 
with a diameter of about 7 mm was collected at different time 
points (0, 1, 2, and 8 h). As shown in Figure 6b,d, the signal 
intensity reached to the maximum after 2 h postinjection, when 
more details in the tumor region were observed. Quantitative 
results in Figure 6d indicated that the photoacoustic signal 
intensity of tumor region after 2 h postinjection was about  
2.1 times higher than that of preinjection. In addition, the 
photoacoustic intensity of tumor region after 8 h postinjection 
was almost the same with that of preinjection, revealing that 
SH initially accumulated and then eliminated or degraded in 
the tumor region. The quick clearance or biodegradation from 
tumor may be related with the excellent dispersivity or small 
size, which should be similar to biodegradable melanoidin[15] 
and Fe3+-gallic acid nanodots.[11a] The integration of PTT and 
PA imaging may improve the diagnosis accuracy and treatment 
efficiency for cancer theranostics, and facilitate the implemen-
tation of individualized treatment. Based on the above results, it 
is believed that natural SH could serve as promsing biocompat-
ible phototheranostic agent for PA-guided tumor PTT in vivo.

In summary, natural sodium humate was investigated as 
novel theranostic agent for light-induced photoacoustic imaging 
and PTT of cancer. With a photothermal conversion up to 76.3% 

Adv. Healthcare Mater. 2018, 1701202

Figure 5. a) Infrared images of tumour-bearing mice under laser irradiation (808 nm, 1.1 W cm−2) without/with the injection of SH PBS solution  
(25 µL, 10 mg mL−1). b) Representative H&E images of tumors slice obtained from different groups as indicated. Scale bar is 0.1 mm. Black arrows 
indicated karyorrhexis, red arrows indicated pyknosis, and yellow arrows indicated karyolysis. c) The curves of tumor growth of different treated groups 
as denoted (n = 4 for each group, mean ± s.d., ***p < 0.001). d) Body weight changes of Balb/c mice during treatment. e) Photograph of extracted 
tumour from different groups after the mice sacrifice.
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and high photothermal stability, SH exhibited obvious photo-
acoustic enhancement in vivo, and could ablate tumor effec-
tively without recurrence of tumor within 20 d. Importantly, SH 
showed negligible toxicity both at the cellular and animal levels. 
Compared with other theranostic agents, SH was abundant, 
cheap, and highly biocompatible, promising high feasibility for 
further clinical translation. To be pointed out, the theranostic 
application of SH was realized only through intratumoral injec-
tion in this work. We hope this work can provide insights into 
the applications of traditional humic acids in biomedical fields.

Experimental Section
Materials: Sodium humate was purchased from Sigma-Aldrich.
Purification of Sodium Humate: Sodium humate purchased from 

Sigma-Aldrich was purified by centrifugation and dialysis. In brief,  
250 mg of sodium humate was dissolved in 30 mL of deionized water, 
which was then centrifuged (12000 rpm, 30 min) to get rid of insoluble 
residues and the above 2/3 suspension in the tube was retained. The 
obtained SH suspension was then put into a dialysis bag (MW, 1000) 
and dialyzed in deionized water for 3 d to remove small molecules. After 
the dialysis, SH suspension was frozen by liquid nitrogen and black SH 
powders were finally obtained by freeze–drying method.

Characterization of Sodium Humate: Energy-dispersive X-ray 
spectroscopy of samples were acquired by scanning electron microscope 
(Zeiss SUPRA 55). Zeta potential and dynamic light scattering diameter 

were both measured by a PALS/90Plus instrument (Brookhaven 
Instruments Co., USA). Vis–NIR spectra of samples were obtained by the 
UV-2550 spectrophotometer (Shimadzu Co., Japan). The FTIR spectrum 
of SH was conducted by a Varian 3000 FTIR from 400 to 4000 cm−1.

Photothermal Properties of Sodium Humate: To evaluate the photo-
thermal elevation of SH, 2 mL of deionized water and different concen-
trations of SH solutions in a quartz tube were irradiated by an 808 nm  
laser (2 W) for 10 min, and the temperature of solutions during the 
irradiation was automatically recorded by a digital thermometer every 10 s.

The photothermal conversion efficiency (η) of SH was calculated as 
previously reported.[30] 2 mL of SH solution (1 mg mL−1) in a quartz tube 
was continuously irradiated as described above until the temperature 
reached a plateau, and then the laser was shut off. The temperature 
change during the entire process was recorded. The detailed calculated 
process was as follows by Equation (1)

hS

1 10
max surr s

808

T T Q

I A
η ( )

( )
=

− −
− −  (1)

where η is the photothermal conversion efficiency, h is the heat transfer 
coefficient of the system, S is the surface area of the quartz tube, Tmax is 
the equilibrium temperature, Tsurr is the surrounding temperature, Qs is 
the heat associated with the light absorbance of the solvent, I is the laser 
power (2 W), and A808 is the absorbance of SH solution.

The value of hS can be determined by the following Equation (2)

s
D Dm C
hS

τ =  (2)

Adv. Healthcare Mater. 2018, 1701202

Figure 6. Photoacoustic imaging of SH in vitro and in vivo. a) In vitro photoacoustic images of water and SH solutions with gradient concentrations 
from 1 to 10 mg mL−1. b) In vivo photoacoustic images of tumor region (marked by a black dotted circle) after intravenous administration of SH solu-
tion (0.1 mL, 10 mg mL−1) at each time point. c) The corresponding photoacoustic signal intensity of SH solutions as a function of SH concentrations. 
d) The corresponding photoacoustic signal intensity of tumor site at each time point (0, 1, 2, and 8 h).
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where τs is time constant of this system, mD is the mass of water (2 g), 
and CD is the heat capacity of water (4.2 J (g °C)−1). In order to obtain 
the value of hS, we further introduce θ, which is defined by the following 
Equation (3)

surr

max surr

T T
T T

θ = −
−  (3)

where T is the real-time temperature of SH solution during irradiation. 
Therefore, hS can be obtained by fitting the linear time data versus −lnθ 
during the cooling period.

Cytotoxicity Assay: A standard MTT assay was employed to study the 
cytotoxicity of SH using HeLa and Panc-1 cells as models. The cells 
preseeded in 96-well plate at a density of 1 × 104 cell per well were 
incubated in fresh medium containing different concentrations of SH  
(0, 0.0625, 0.125, 0.25, 0.5, 1, and 2 mg mL−1) for 24 or 48 h. Subsequently, 
the MTT reagent was added with a final concentration of 1 mg mL−1 and 
the cells were incubated for another 4 h to allow the formation of formazan. 
Dimethyl sulfoxide (DMSO) was then added to dissolve formazan. The 
relative cell viability was finally determined by measuring the absorbance 
with a microplate reader (Infinite 200 NanoQuant, TECAN).

In Vitro Photothermal Ablation of Cancer Cells: For qualitative analysis, 
HeLa cells were incubated with different concentrations of SH (0.25, 
0.5, and 1 mg mL−1) for 4 h in 6-well plate, and then were illuminated 
by 808 nm laser (4 W cm−2) for 10 min. After the irradiation, calcein 
AM and propidium iodide were used to stain living and dead HeLa 
cells for visualization, respectively. The digital photographs of cells 
were captured by a fluorescence microscope. For quantitative analysis, 
the cells were incubated with gradient concentrations of SH (0, 0.0625, 
0.125, 0.25, 0.5, and 1 mg mL−1) in 96-well plate, followed by the laser 
irradiation (808 nm, 4 W cm−2) for 10 min. Then, the cell viabilities were 
determined by the MTT assay described as above.

In Vivo Photothermal Ablation of Tumor: BALB/c nude mice were used 
as model animals under the approval of the Institutional Animal Care and 
Use Committee. HeLa cells (1 × 106 in 0.1 mL PBS) were subcutaneously 
injected into the back of each mouse. In vivo photothermal ablation 
was conducted when the tumor volume reached about 50 mm3. Twenty 
mice were randomly divided into four different groups, which nanmed 
“Control”, “Laser only”, “SH only,” and “SH+Laser.” After intratumoral 
injection of SH (25 µL, 10 mg mL−1), infrared thermal camera  
(Ti25, Fluke, USA) was used to monitor the temperature change during 
the process of laser irradiation (808 nm, 1.1 W cm−2). After laser 
irradiation, the tumor volumes were measured every 2 d through the 
measurement of tumor length/width (V = ab2/2, a is the length and b 
is the width). The weights of mice were also recorded every 2 d. After 
the treatments, the mice were sacrificed for necropsy, and major organs 
(heart, liver, spleen, lung, and kidney) of mice were extracted from 
“SH+Laser” for H&E staining.Serum biochemistry assay was conducted 
on two groups (untreated healthy control group and “SH+Laser” group), 
and blood samples (0.5–1 mL) collected from the mice eyes were used 
for further blood analysis.

In Vitro and In Vivo Photoacoustic Imaging: The experiment of 
photoacoustic imaging vitro and in vivo was conducted using Nexus 128 
photoacoustic computed tomography scanner (Ann Arbor, MI, USA). The 
working wavelength was 808 nm and the laser power was 1.6 mJ cm−2. 
For PA imaging in vitro, a series of SH solutions with concentrations 
from 1 to 10 mg mL−1 was prepared and deionized water was used as 
the control. The signal intensity of every sample was recorded. For 
PA imaging in vivo, the SH PBS solutions (0.1 mL, 10 mg mL−1) was 
intravenously injected through the tail vein, and then the photoacoustic 
imaging of tumor region with a diameter of about 7 mm was collected 
at different time points (0, 1, 2, and 8 h). In addition, the intratumoral 
injection of SH solution (0.05 mL, 10 mg mL−1) was also conducted, and 
the PA images before and after 30 min injection were collected. During 
the imaging process, the body temperatures of the mice were maintained 
at 37.5 °C with the assistance of a water heating system.

Statistical Analysis: Statistical analysis was performed by Excel 
software through two-tailed Student’s t-test. All data were presented as 

mean ± s.d. *p < 0.05, **p < 0.01, and ***p < 0.001 were considered to 
be statistically significant.
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