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Abstract: Eggshell membrane (ESM), which consists of unique interwoven shell membrane fibers,
provides a unique supporting platform for functional nanoparticles in catalysis and sensing.
This work reports a novel strategy for fabricating sunlight-driven photothermal conversion
composite membranes by loading graphene oxide (GO) and gold nanoparticles (AuNPs) on the
three-dimension (3D) network structured eggshell membrane. Surface morphologies and chemical
elements were characterized by scanning electron microscopy and X-ray photoelectron spectroscopy.
High photothermal conversion under simulated sunlight irradiation, which may be caused by the
synergistic effect of GO and AuNPs, was achieved by coating both GO and AuNPs onto ESM.
The temperature of ESM modified with AuNPs, and then GO increased from 26.0 ◦C to 49.0 ◦C
after 10 min of light irradiation. Furthermore, the nanoscaled GO and AuNPs could add benefit
to the heating localization of the obtained composite membrane. It is expected this biocompatible
ESM modified with GO and AuNPs would have great potential in drug release and photothermal
therapy applications.
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1. Introduction

Sunlight-based photothermal materials have attracted increasing attention due to the growing
global demands for energy and incumbent environmental concerns. Developing effective photothermal
materials is very important for various practical applications, such as seawater desalination,
photothermal therapy, and drug release [1–4]. The photothermal effect is closely related to the
light absorbance of materials. Plasmonic materials, including gold nanoparticles (AuNPs) and silver
nanoparticles (AgNPs), show particular light absorbance at certain wavelengths. These plasmonic
materials have been used as photothermal elements in many research works due to their unique localized
surface plasmon resonance (LSPR) properties, which are sensitive to the particle shape, size, and metal
materials. Incident light, at a certain frequency, leads to conduction electrons locally oscillating around
nanoparticles. This phenomenon of excitation of surface plasmons by light irradiation is known as
LSPR [5]. The plasmonic effect of AuNPs has been utilized to accelerate water evaporation and harvest
sunlight energy through LSPR-based photothermal conversion [6]. Surface plasmon renders high
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photothermal conversion efficiency. The photo energy absorbed by plasmonic nanoparticles can be
converted to the resonance energy of free electron oscillations and then transformed to lattice vibration
energy [7]. This vibration energy is then transferred in the form of heat, resulting in an increase in the
surrounding temperature. The small scale of the nanoparticles makes heating the area confined in
the sub-micrometer area, overcoming the difficulty of heating localization from traditional methods.
The local formation of a transient nanobubble around gold nanospheres in water was observed to
illuminate the photothermal effect of plasmonic nanoparticles [8]. Palermo et al. investigated the
LSPR induced heat generation from a monolayer one-dimensional (1D) grating of AuNPs prepared by
photo-reduction in a poly (vinyl alcohol) (PVA) matrix doped with HAuCl4 onto a glass substrate,
under resonant laser radiation [9]. Comprehensive theoretical modeling was developed to study the
plasmonic heat production from a single layer of randomly distributed AuNPs and compared with the
experimental results [10]. The influencing factors of the photothermal conversion of AuNPs solutions,
including nanoparticle size, the exciting laser intensity, and the presence of guest dye molecules,
were also investigated [11].

In addition to plasmonic materials, two-dimensional (2D) nanomaterials, such as graphene oxide
(GO), not only exhibit great thermal conducive performance but also possess high photothermal
conversion efficiency [12,13]. The photothermal features of GO have been used for water vapor
generation [14] and disease therapy [13] as well as drug delivery [15]. Sunlight-induced water
evaporation was realized based on the photothermal effect to GO [16]. Other functional materials,
such as gold nanoparticles [17], tricalcium silicate [18], metal oxides [19], and upconverting
nanomaterials [20], were combined with GO to improve the photothermal ability of GO. Plasmonic
nanomaterials with tunable and localized photothermal properties enhanced the photothermal effect
of GO nanosheets, achieving a highly efficient harvest and utilization of sunlight [21].

Eggshell membrane (ESM), as a low-cost waste biomass material, is a promising material for
adsorption of metal ions, delivery of protein enzyme, and chemical sensors [22–24]. ESM locates
between the egg white and eggshell, including the outer layer, inner layer, and limiting layer.
Among these layers, the outer and inner layers are composed of complex intercalated nanofibers
with porous three-dimensional (3D) network structures [25]. ESM with semi-permeability exhibits
good air and water permeability and plays an important role in nutrition delivery for the embryo.
It has been demonstrated that ESM is harmless to the human body [26]. ESM showed an inhibiting
effect on bacteria, which favors the long-time storage function of the composite membrane. ESM, as a
natural bio-membrane, has wide potential applications in the medical field, such as therapy for burnt
skin [27,28], repair of the eardrum, and treatment of rheumatism [29,30]. It would be meaningful to
fabricate composite ESM with a high photothermal effect for drug release and medical therapy.

Herein, we have developed a novel strategy for fabricating photothermal biomass membranes by
combining GO nanosheets with the ESM with in situ synthesized AuNPs. ESM acted as a reducing and
stabilizing agent during the preparation of AuNPs by heating. The 3D network fibrous structures of
ESM provided porous supports for the GO nanosheets and AuNPs. GO nanosheets wrapped around
ESM microfibers, which did not influence the in situ synthesis of AuNPs. The photothermal effects
of the ESM modified with GO and AuNPs were studied by monitoring the temperature changes in
the ESM surface under simulated sunlight. The synergistic photothermal effect of GO and AuNPs
are discussed.

2. Materials and Methods

2.1. Materials

Tetrachloroauric (III) acid (HAuCl4·4H2O, Au content ≥47.8%) was purchased from Aladdin
(Shanghai, China). GO nanosheets with a thickness of 0.8 to 1.2 nm and two-dimensional length of 0.5
to 5 µm were obtained from Nanjing Xianfeng Nano Science and Technology Ltd, China. All chemicals
were analytic grade and used as received. Fresh eggs were obtained from a local supermarket. The ESM
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was carefully stripped from the raw egg and cut into small pieces (approximate 2.0 cm × 1.5 cm).
The raw ESM was washed several times with deionized water and dried in air at ambient conditions.

2.2. Characterization

The morphologies of samples were characterized using a JEOL JSM-7800F field-emission
scanning electron microscope (SEM) (JEOL Ltd., Tokyo, Japan). Thermogravimetric analysis
(TGA) was carried out on a Perkin Elmer’s Diamond TG/DTA system (PerkinElmer Inc., Waltham,
Massachusetts, USA), at a heating rate of 10 ◦C min−1 in a nitrogen atmosphere. X-ray photoelectron
spectra (XPS) were observed by a Thermo Fisher Scientific 250 Xi system (Thermo Fisher Scientific,
Waltham, Massachusetts, USA). UV-Vis diffuse reflectance spectra of samples were recorded using a
Shimadzu SolidSpec-3700/3700DUV UV-VIS-NIR Spectrophotometer (Shimadzu Corp., Tokyo, Japan).
The Renishaw INVIA Raman microscope system (Renishaw plc, Wotton-under-Edge, Gloucestershire,
UK) with a 633 nm He-Ne laser excitation source (17 mW) was used for Raman analysis. A xenon
lamp (λ = 350–780 nm) (CEL-HXUV 300, Beijing Education Au-light Co., Ltd., Beijing, China) was
used to simulate the sunlight source for photothermal tests.

2.3. In-Situ Synthesis of AuNPs on ESM

The dry ESM was immersed in deionized water for 10 min. Each ESM sample (approximate
2.0 cm × 1.5 cm) was socked in 30 mL of HAuCl4 aqueous solution (1.5 × 10−4 M). The pH value of the
reaction solution was measured to be around 6. After being shaken for 5 min at room temperature,
the HAuCl4 solution with ESM was shaken for 2 h in water batch at 95 °C. The purple–red ESM was
obtained after heat treatment, denoted as AuNP/ESM.

2.4. Assembly of GO on ESM

The combination of GO and ESM was achieved by the dip-coating method. ESM was immersed
in GO aqueous solution with 0.3 mg mL−1 at a liquid ratio of 1000:1. The GO solution containing ESM
was shaken for 30 min at room temperature. Then the ESM was taken out and dried under ambient
condition. The adsorption of GO onto ESM was repeated in triplicate. The obtained GO coated ESM
was denoted as GO/ESM.

Composite films, including GO/AuNP/ESM and AuNP/GO/ESM, were fabricated by a complex
assembly of GO and in situ synthesis of AuNPs on ESM. The AuNP treated ESM (AuNP/ESM) was
assembled by GO and formed GO/AuNP/ESM. The GO coated ESM (GO/ESM) was modified in the
HAuCl4 solution by heat treatment, and then AuNP/GO/ESM was obtained.

2.5. Photothermal Measurement of ESM

The photothermal performance of the samples was tested under simulated sunlight from the
xenon lamp. The distance between samples and the xenon lamp was 20 cm. The temperatures of the
ESM samples during light irradiation were recorded by a FLIR C2 compact thermal imaging camera
(FLIR Systems, Inc., Wilsonville, Oregon, USA) at a time interval of 10 min.

3. Results and Discussion

The color of ESM changed from white to brown–yellow after GO nanosheets were coated on
the surface of ESM (GO/ESM in Figure 1), indicating that GO nanosheets were combined effectively
with ESM. The color of ESM changed from white to wine red after the in situ synthesis of gold
nanoparticles (AuNP/ESM in Figure 1). The ESM sample became black–purple when the AuNPs were
in situ-synthesized onto the GO-modified ESM (Au/GO/ESM in Figure 1). The AuNP-treated ESM was
further coated with GO, which showed a dark color (GO/AuNP/ESM in Figure 1). It should be noted
that the color of the GO/ESM became darker during the in situ heating synthesis of AuNPs, implying
that GO may be reduced by heat in the presence of ESM, which is similar to the GO reduction on
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the cotton surface at high temperature [31]. To investigate the optical properties of the ESM samples,
UV-Vis diffusion reflectance absorbance spectra were measured (Figure 2). The pristine ESM displayed
absorption in the UV region due to its protein composition. The GO/ESM showed higher absorption in
the whole wavelength range compared to the pristine ESM because of the coating of GO nanosheets.
The curve of AuNP/ESM presented an absorption band around 540 nm, which is assigned to the LSPR
mode of AuNPs on the ESM surface [32]. A distinct absorption band around 540 nm was observed in
the UV-Vis diffusion reflectance absorbance spectra of AuNP/GO/ESM and GO/AuNP/ESM, indicating
that the GO coating did not obviously change the LSPR properties of AuNPs. The complex of GO
and AuNPs enhanced the UV-Vis absorption of the ESM samples. The spectral data indicates that
GO nanosheets were coated on ESM surface, and AuNPs were in situ-synthesized on ESM after
heat treatment.
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Figure 1. Optical image of eggshell membrane (ESM) samples.
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Figure 2. UV-Vis diffusion reflectance absorbance spectra of the treated ESM samples.

Surface morphologies of the ESM samples were observed by SEM. Pristine ESM displays 3D
nonwoven network with porous structures (Figure 3a). The average diameter of the fibers in ESM was
measured to be 2.00µm (Figure 3b). After treatment with GO, numerous wrinkle nanosheets were found
wrapped around ESM fibers, which indicates that GO has been effectively coated onto the networks
of ESM (Figure 3c,d). No GO nanosheets were observed in the pores in the 3D structures of ESM,
implying direct interaction between ESM fibers and GO nanosheets (Figure 3c). The oxygen-containing
groups on the GO nanosheets interacted with the amino and carboxyl groups from amino acids on
ESM, which leads to the effective coating of GO nanosheets around the fibrous structures of ESM.
As can be seen from the SEM images of AuNP/ESM (Figure 3e,f), a dense coating of nanoparticles was
observed on the surface of the ESM network fibers. The average size of the nanoparticles was measured
to be 21.15 nm (Figure 3f). The SEM images clearly demonstrate that AuNPs were synthesized onto
the ESM surface. The diverse amino acids existing in ESM could possess a reducing effect [33,34],
which may result in the reduction of Au ions and then the formation of AuNPs on the ESM by heat
treatment [35]. A large number of AuNPs was also observed in the SEM images of AuNP/GO/ESM
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(Figure 3g) and GO/AuNP/ESM (Figure 3h). The presence of GO nanosheets did not affect the in situ
synthesis of AuNPs. In the composite films, wrinkled GO nanosheets and spherical AuNPs were
observed obviously on the fibrous structures of ESM. The average sizes of AuNPs on AuNP/GO/ESM
and GO/AuNP/ESM were 26.76 and 22.47 nm, respectively. There was no obvious size change in the
AuNPs after the assembly of GO on the AuNP/ESM. Nevertheless, this is compared with an increased
AuNPs size when Au was in situ-synthesized onto GO/ESM. GO may promote the synthesis of AuNPs
due to the active groups on the surface of GO nanosheets.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 5 of 10 

average sizes of AuNPs on AuNP/GO/ESM and GO/AuNP/ESM were 26.76 and 22.47 nm, 
respectively. There was no obvious size change in the AuNPs after the assembly of GO on the 
AuNP/ESM. Nevertheless, this is compared with an increased AuNPs size when Au was in situ-
synthesized onto GO/ESM. GO may promote the synthesis of AuNPs due to the active groups on the 
surface of GO nanosheets.  

 
Figure 3. SEM images of different ESM samples: (a,b) pristine ESM, (c,d) GO/ESM, (e,f) AuNP/ESM, 
(g) AuNP/GO/ESM, and (h) GO/AuNP/ESM. 

The surface chemical elements of different ESM samples were inspected by XPS. XPS survey 
spectra of the ESM samples displayed peaks at 284.8, 399.68, 163.62, and 531.28 eV, corresponding to 
C1s, N1s, S2p, and O1s, respectively. These are the elements of protein-based materials (Figure 4a). 
Furthermore, there is a peak at 83.86 eV assigned to Au4f, appearing in the XPS survey curves of 
AuNP/GO/ESM and AuNP/ESM, implying that AuNPs were prepared on the surface of ESM 
samples. After peak fitting, the C1s XPS band of pristine ESM can be fitted into four peaks at 284.39, 
284.94, 286.05, and 287.79 eV (Figure 4a), which are ascribed to C–C, C–N, C–O, and C=O, respectively 
[36,37]. The C1s XPS band of AuNP/ESM also shows four fitting peaks at 284.65, 285.86, 287.08, and 
288.22 eV (Figure 4b). The synthesis of AuNPs led to a slight increase in the binding energy of carbon 
bonds. It is clearly observed that the proportion of C–C increased, and the proportion of C–O and 
C=O decreased in AuNP/ESM compared with pristine ESM (Figure 4c), which could be attributed to 
aldehydelation of ESM. The AuNPs may be formed through the reduction of Au ions by 
aldehydelation of ESM [38]. 

Figure 3. SEM images of different ESM samples: (a,b) pristine ESM, (c,d) GO/ESM, (e,f) AuNP/ESM,
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The surface chemical elements of different ESM samples were inspected by XPS. XPS survey
spectra of the ESM samples displayed peaks at 284.8, 399.68, 163.62, and 531.28 eV, corresponding to
C1s, N1s, S2p, and O1s, respectively. These are the elements of protein-based materials (Figure 4a).
Furthermore, there is a peak at 83.86 eV assigned to Au4f, appearing in the XPS survey curves of
AuNP/GO/ESM and AuNP/ESM, implying that AuNPs were prepared on the surface of ESM samples.
After peak fitting, the C1s XPS band of pristine ESM can be fitted into four peaks at 284.39, 284.94,
286.05, and 287.79 eV (Figure 4a), which are ascribed to C–C, C–N, C–O, and C=O, respectively [36,37].
The C1s XPS band of AuNP/ESM also shows four fitting peaks at 284.65, 285.86, 287.08, and 288.22 eV
(Figure 4b). The synthesis of AuNPs led to a slight increase in the binding energy of carbon bonds. It is
clearly observed that the proportion of C–C increased, and the proportion of C–O and C=O decreased
in AuNP/ESM compared with pristine ESM (Figure 4c), which could be attributed to aldehydelation of
ESM. The AuNPs may be formed through the reduction of Au ions by aldehydelation of ESM [38].



Appl. Sci. 2019, 9, 4384 6 of 10
Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 10 

 
Figure 4. XPS spectra of ESM samples: (a) survey curves, and C1s XPS curve of (b) pristine ESM and 
(c) AuNP/ESM. 

The coating of GO on the surface of ESM was further confirmed by Raman scattering 
spectroscopy. As shown in Figure 5a, two Raman bands were observed at 1349 and 1600 cm-1, which 
corresponded to the in-plane bond stretching motion of C sp2 atoms (G band) and the breathing 
modes of benzenoid rings (D band) of GO [39]. The result further demonstrated the successful coating 
of GO nanosheets on ESM. The composition and thermal stability of ESM samples were tested by 
TGA. The weight loss of the samples below 100 °C is due to the evaporation of the moisture inside 
samples (Figure 5b). A major weight loss was observed for all the samples and was found from 240 
°C to 400 °C, which was attributed to the decomposition of ESM. There was only a slight weight loss 
with a further increase in the temperature, which indicates the thermal decomposition of the ESM 
samples was nearly complete at around 400 °C. The residual percentages for pristine ESM, GO/ESM, 
AuNP/ESM, AuNP/GO/ESM, and GO/AuNP/ESM were 22.73%, 22.31%, 35.92%, 36.39%, and 38.37%, 
respectively. The ESM samples with the coating of both the AuNPs and GO nanosheets showed 
higher residual percentages compared to other samples, implying that more nanoparticles remained 
in the residuals. 

 

1200 1000 800 600 400 200 0

N1s

O1s C1s

S2p

Pristine ESM

GO/ESM
In

te
ns

ity
 (a

.u
.)

Au4f

AuNP/ESM

AuNP/GO/ESM

Binding Energy(eV)

GO/AuNP/ESM

(a)

280 282 284 286 288 290 292

In
te

ns
ity

 (a
.u

)

Binding Energy (eV)

Original Fitted

C-C

C-N
C-O

C=O

280 282 284 286 288 290 292

In
te

ns
ity

 (a
.u

)

Binding Energy (eV)

Original Fitted

C-C

C-N

C-O C=O

(b)

(c)

Pristine ESM

AuNP/ESM

1800 1600 1400 1200 1000 800

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

 ESM-GO1349
1600

(a) (b)

100 200 300 400 500 600 700 800
0

20

40

60

80

100

W
ei

gh
t (

%
)

Temperature (oC)

 Pristine ESM
 GO/ESM
 AuNP/ESM
 AuNP/GO/ESM
 GO/AuNP/ESM

Figure 4. XPS spectra of ESM samples: (a) survey curves, and C1s XPS curve of (b) pristine ESM and
(c) AuNP/ESM.

The coating of GO on the surface of ESM was further confirmed by Raman scattering spectroscopy.
As shown in Figure 5a, two Raman bands were observed at 1349 and 1600 cm−1, which corresponded
to the in-plane bond stretching motion of C sp2 atoms (G band) and the breathing modes of benzenoid
rings (D band) of GO [39]. The result further demonstrated the successful coating of GO nanosheets on
ESM. The composition and thermal stability of ESM samples were tested by TGA. The weight loss
of the samples below 100 ◦C is due to the evaporation of the moisture inside samples (Figure 5b).
A major weight loss was observed for all the samples and was found from 240 ◦C to 400 ◦C, which was
attributed to the decomposition of ESM. There was only a slight weight loss with a further increase in
the temperature, which indicates the thermal decomposition of the ESM samples was nearly complete
at around 400 ◦C. The residual percentages for pristine ESM, GO/ESM, AuNP/ESM, AuNP/GO/ESM,
and GO/AuNP/ESM were 22.73%, 22.31%, 35.92%, 36.39%, and 38.37%, respectively. The ESM samples
with the coating of both the AuNPs and GO nanosheets showed higher residual percentages compared
to other samples, implying that more nanoparticles remained in the residuals.

Appl. Sci. 2019, 9, x FOR PEER REVIEW 6 of 10 

 
Figure 4. XPS spectra of ESM samples: (a) survey curves, and C1s XPS curve of (b) pristine ESM and 
(c) AuNP/ESM. 

The coating of GO on the surface of ESM was further confirmed by Raman scattering 
spectroscopy. As shown in Figure 5a, two Raman bands were observed at 1349 and 1600 cm-1, which 
corresponded to the in-plane bond stretching motion of C sp2 atoms (G band) and the breathing 
modes of benzenoid rings (D band) of GO [39]. The result further demonstrated the successful coating 
of GO nanosheets on ESM. The composition and thermal stability of ESM samples were tested by 
TGA. The weight loss of the samples below 100 °C is due to the evaporation of the moisture inside 
samples (Figure 5b). A major weight loss was observed for all the samples and was found from 240 
°C to 400 °C, which was attributed to the decomposition of ESM. There was only a slight weight loss 
with a further increase in the temperature, which indicates the thermal decomposition of the ESM 
samples was nearly complete at around 400 °C. The residual percentages for pristine ESM, GO/ESM, 
AuNP/ESM, AuNP/GO/ESM, and GO/AuNP/ESM were 22.73%, 22.31%, 35.92%, 36.39%, and 38.37%, 
respectively. The ESM samples with the coating of both the AuNPs and GO nanosheets showed 
higher residual percentages compared to other samples, implying that more nanoparticles remained 
in the residuals. 

 

1200 1000 800 600 400 200 0

N1s

O1s C1s

S2p

Pristine ESM

GO/ESM

In
te

ns
ity

 (a
.u

.)

Au4f

AuNP/ESM

AuNP/GO/ESM

Binding Energy(eV)

GO/AuNP/ESM

(a)

280 282 284 286 288 290 292

In
te

ns
ity

 (a
.u

)

Binding Energy (eV)

Original Fitted

C-C

C-N
C-O

C=O

280 282 284 286 288 290 292
In

te
ns

ity
 (a

.u
)

Binding Energy (eV)

Original Fitted

C-C

C-N

C-O C=O

(b)

(c)

Pristine ESM

AuNP/ESM

1800 1600 1400 1200 1000 800

In
te

ns
ity

 (a
.u

.)

Raman shift (cm-1)

 ESM-GO1349
1600

(a) (b)

100 200 300 400 500 600 700 800
0

20

40

60

80

100

W
ei

gh
t (

%
)

Temperature (oC)

 Pristine ESM
 GO/ESM
 AuNP/ESM
 AuNP/GO/ESM
 GO/AuNP/ESM

Figure 5. (a) Raman scattering spectrum of GO/ESM. (b) TGA curves of different ESM samples.
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The photothermal effect of the ESM samples was investigated by being subjected to simulated
sunlight irradiation. Figure 6 displays the infrared thermal images of the ESM samples before and
after light irradiation for 10 min under the xenon lamp. The surface temperatures of the ESM samples
increased greatly under the light irradiation. The temperature of the pristine ESM increased from 23.4
to 33.6 ◦C after light irradiation of 10 min. This is compared with a much higher temperature achieved
by GO/ESM, AuNP/ESM, AuNP/GO/ESM, and GO/AuNP/ESM under the same conditions, which was
43.1, 43.5, 47.3, and 49.0 ◦C, respectively. The thermal images show that the heat distribution of the
pristine ESM was over the whole sample as well as the other irradiated area. With photothermal
conversion materials, the GO and AuNPs coated ESM showed a concentrated small heat distribution
area in the middle of the samples, which suggests that the ESM coated with GO and AuNPs could
be used for localized sunlight driven heating. The temperatures of ESM samples varied slightly as
the irradiation time was further prolonged (Figure 7), implying that the photothermal conversion
reached equilibrium within 10 min. The rapid photothermal conversion of ESM samples facilitates the
applications of GO and AuNPs coated ESM. ESM coated with both GO and AuNPs exhibited higher
temperatures (51.6 ◦C) than the ESM with GO or AuNPs only, which reveals that the synergistic effect
of GO and AuNPs increased the photothermal efficiency of ESM. The LSPR band of AuNPs located
around 540 nm, which was in favor of the sunlight absorption in the visible region.
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Figure 6. Infrared thermal images of different ESM samples before and after light irradiation for 10 min
under xenon lamp.
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4. Conclusions

In summary, photothermal biofilm was successfully fabricated by coating eggshell membrane
(ESM) with graphene oxide (GO) nanosheets and gold nanoparticles (AuNPs) together. AuNPs were
formed in situ on ESM that acted as a reducing and stabilizing agent. Moreover, ESM with 3D network
structures played a vital supporting role for the prepared AuNPs. The presence of GO on ESM did not
influence the in situ-synthesis of AuNPs. The combining effects of GO and AuNPs endowed ESM
with a highly effective photothermal property. Among the ESM samples, AuNP/GO/ESM exhibited
the best photothermal conversion ability, reaching 49.0 ◦C after being irradiated for 10 min under the
simulated sunlight. Because of the compatibility of ESM and the photothermal effect of GO and AuNPs,
this as-prepared photothermal composite biomass membrane could be applied for photo-driven
medicine release and photothermal disease therapy.
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