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Abstract
In this paper, we report silk fibroin (SF) and carbon quantum dots (CQDs) nanocomposites obtained through a facile solution
casting approach. The optical properties of the nanocomposites have been characterised by UV–vis absorption and
photoluminescence spectroscopy. Crosslinking of SF and chemical interactions with the CQDs have been investigated by
FTIR spectroscopy. In addition, water stability and degradability of the prepared composites have been investigated in terms
of mass loss, important for applications in a real scenario. We observed that for a concentration of CQDs above 1%wt
aggregation of nanoparticles occurs, affecting the photoluminescence of the material. The results show that the best
composition in terms of photoluminescence intensity and water stability is 0.5%wt CQDs.
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Highlights
● Silk–carbon quantum dot composites were formed via a solution casting method.
● Carbon quantum dots and silk fibroin were physically mixed, and no chemical bonds were detected.
● Luminescence quenching and loss in transparency were observed for concentrations of CQDs > 1%.
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1 Introduction

Carbon quantum dots (CQDs) have attracted increasing
attention in the last 10 years because of their photo-
luminescence properties, inherent biocompatibility, solubi-
lity in water, easy, low-cost, and green synthesis
procedures, and surface modification [1, 2]. They have
promising applications in optoelectronic devices, solar cells,
ion sensing, bioimaging, and implantable devices [3–8].
Most of these applications require the fabrication of a thin
film to utilise the high fluorescence of CQDs. A typical
approach is the fabrication of a polymer matrix composite.
The incorporation of CQDs in a suitable polymer matrix has
undoubted advantages. Polymers offer mechanical support
and chemical resistance. On the other hand, CQDs provide
new capabilities such as self-healing, shape memory, sti-
muli responsive, and electrochemical characteristics.

Several strategies have been investigated for the fabri-
cation of the composites, involving one or two-steps
synthesis, as recently reviewed by Du et al. [9]. The poly-
mer matrix is selected based on the application. CQDs can
be either covalently attached to the polymer or physically
blended depending on the type of polymer and the adopted
approach. Typical polymers are polymethyl methacrylate
(PMMA), polydimethylsiloxane (PDMS), and polystyrene
(PS). However, the stabilisation of CQDs inside those
polymers remains a challenge. Aggregation and phase
separation could occur, thereby compromising the photo-
luminescence properties of CQDs. In addition, those poly-
mers are not degradable nor biocompatible. Due to their
high solubility in water, the combination of CQDs with
hydrophilic polymers, such as poly(vinyl alcohol) (PVA)
[10, 11] and gel-forming biopolymers such as agar [12], has
also been investigated.

Feng et al. [13] have recently reviewed CQDs/polymer
composites for energy, environmental and biomedical
applications. In energy applications, conducting polymers
have been adopted, such as polypyrrole or polyaniline.
Cellulose, PVA, and alginate have been instead investigated
for the fabrication of fluorescent probes, as adsorbents for
the removal of contaminants or for biomedical scaffolds.
However, most of the polymers considered are still obtained
from fossil-based sources, and the approaches adopted for
the fabrication of the composites are not sustainable.
Researchers are looking for new materials obtained using
green processing and renewable resources to face the global
challenge for a more sustainable ecosystem.

Silk fibroin (SF) is a natural biopolymer, derived from
silkworm cocoons, that is water-soluble, biodegradable, and
biocompatible. It could be processed in a variety of shapes,
including films, membranes, hydrogels, sponges, and fibres
[14]. Compared to other biopolymers, SF is superior in
terms of mechanical properties, biocompatibility, optical

properties, and tuneable degradability. In addition, green
methods can be applied to process SF from raw fibres into
the final material format [15].

SF molecules self-assemble in a gel during water eva-
poration, which is converted into a dense polymer after
drying. Gelation is achieved by physical crosslinking
resulting in 3D polymerisation in solution. Irreversible
gelation is obtained through the formation of thermo-
dynamically stable β-sheets [16]. The arrangement of
polymer chains into β-sheets involves the breakage of
hydrogen bonds between water and silk and the formation
of intra-/inter-chain hydrogen bonds [17]. Crosslinking of
SF could be promoted by treatments with alcohols, such as
ethanol or methanol. Annealing of SF materials with
methanol is used to promote the water stability of the
devices and tune the degradability [18].

Fluorescent SF composites materials have been devel-
oped with inorganic QDs (CdSe, ZnSe) as a suitable plat-
form for optical sensing or white-light-emitted devices
[19–21]. However, the use of these materials in bio-
applications is limited because of the inherent toxicity of
those nanoparticles.

In this paper, we combined SF and edge-enriched CQDs
[22, 23] to obtain transparent luminescent film composites.
Since both silk and CQDs are biocompatible [23, 24] and
the process is all water-based, this study represents a
starting point for the fabrication of green and biocompatible
SF-CQDs composites.

We investigated the optical properties of thick self-
standing films with different CQDs content by UV–vis
spectroscopy and photoluminescence (PL) spectroscopy.
Formation of CQDs–protein interaction and β-sheets were
detected by Fourier transform infrared (FTIR) spectroscopy.
Since the environmental and biomedical application of
hydrophilic polymers is affected by water stability, we also
investigated the effect of methanol treatment on the PL and
its degradability in terms of mass loss. Similar composites
were recently reported by combining SF with graphene QDs
[25], however, no studies of the crosslinking effect of the
methanol treatment and the water stability of the nano-
composites were previously conducted.

2 Experimental

2.1 Materials

Details on the synthesis and physicochemical characterisa-
tions of CQDs were previously reported in [22, 23]. SF
solution was prepared according to a standard protocol
starting from raw silk cocoon fibres. The process involved
different steps: degumming, dissolving, dialysis, and pur-
ification through centrifugation. All the details are reported
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in [26, 27]. The final concentration of the as-prepared SF
solution in water was set to 60 mg/ml.

2.2 Fabrication of SF-CQDs composite films

SF water solution and CQDs (10 mg/ml) water solution
were gently mixed to form SF-CQDs solution. Specifically,
different amounts of CQDs solution were added to 3 ml SF
solution (60 mg/ml) to tune the CQDs content in respect of
the fibroin as follows: 0, 0.05, 0.5, 1, 2, 3, 5%wt. The mixed
solution was cast on a polydimethylsiloxane (PDMS) sub-
strate and left to dry (40% RH, 25 °C). Methanol annealing
was used to induce a structural transition from the random
coil (silk I) to β-sheet (silk II) [28]. Dried films were
immersed in methanol (Sigma-Aldrich) for 4 h and then
dried under a hood before measurements.

2.3 Characterisations

ATR FTIR spectra were recorded with a Jasco
FTIR6200 spectrometer with ATR pro ONE, in the
4000–600 cm−1 range (4 cm−1, 64 scans). UV–vis absorp-
tion spectra of both solutions and solid-state composite
films were recorded in the 300–800 nm range (Jasco V650).
The spectra of the solutions were collected using a quartz
cuvette (1 cm length path). Absorption spectra of the free-
standing films were collected with the same instruments
using a data pitch of 1 nm. The films were fixed on a fra-
mework and inserted in the measuring chamber normal to
the incident beam. PL spectra of CQDs in solution were
collected in a cuvette by using a spectrofluorometer (Jasco
FP630). PL of the composite films was measured at room
temperature with a custom-made set-up consisting of a
380 nm LED source (Ocean Optics LS-450), a detector
(Ocean Optics HR400), two optical fibres (Ocean Optics
QP400-1-VIS-NIR) and a sample holder. The excitation
beam was normal with respect to the sample surface and the
signal collected at 60° in respect of the sample. A bandpass
optical filter was used to reduce the collection of the
exciting light below 400 nm. The spectra reported are raw
data. The structural characteristics of the SF-CQDs nano-
composites were examined by TEM (JEOL 1400) operating
at 200 kV. Measurements of the mean diameter of nano-
particles agglomerates were conducted by using ImageJ. A
set of about 30/40 aggregates was analysed, and the results
were reported as an average dimension with standard
deviation.

2.4 Stability in water

Stability tests were performed by dipping the methanol-
treated samples in water for 5 min and then letting them dry
under a fume hood for 48 h. Samples were weighed before the

immersion and after drying to calculate the mass loss. Mass
loss was calculated according to the following formula:

Δm ð%Þ ¼ m0 � m1

m0
� 100

where m0 is the initial weight of the sample and m1 the
weight after the treatment.

Residual water solutions were analysed by UV–vis
spectroscopy to detect the presence of CQDs.

3 Results and discussion

3.1 Preliminary characterisations

CQDs show a characteristic absorption in the range
300–500 nm, with two peaks at 335 and 405 nm (Fig. 1)
corresponding to surface functionalities (n–π* transitions)
[8, 29]. These absorption peaks are still evident when CQDs
are in silk solution (blue line). We reported for comparison the
spectrum of the silk solution. Absorption of the SF throughout
the visible range is mainly due to the scattering effect caused
by the high concentration of the analysed solution, while the
increase in absorption in the UV range (<300 nm) is ascribable
to the contribution of the amino acid residues [30].

We verified the emission properties of CQDs in water
and SF solution by using a spectrophotometer. CQDs show
tuneable emission by changing the excitation wavelength,
as shown in Fig. 2. The emission shifts from 450 nm to
527 nm for an excitation wavelength, respectively, of 355
and 420 nm. At 380 nm excitation (LED wavelength used to
test the composites), the emission peak is broader, and the
maximum intensity is at 505 nm. Changes in the emission
colour with the excitation wavelength is a common feature
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Fig. 1 Absorption spectra of CQDs in water and in silk solution
(16 mg/ml). The spectrum of silk solution (60 mg/ml) is reported as
reference
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of CQDs and is caused by structure inhomogeneities that
introduce different surface traps with different energy levels
in the dots. Variation in emission shape is likely related to
the presence of two absorption peaks (Fig. 2). Only for
some excitation wavelengths both the absorption centres are
active, causing variation in emission spectra [23]. When the
CQDs are mixed with SF in solution, the emission intensity
decreases by about 50%, probably due to the interaction of
CQDS with the polymer chains or aggregation. In the case
of 380 nm excitation, there is an effect also on the emission
peak broadening, indicating a possible modification of the
surface-active sites due to interaction with the protein.

3.2 Pristine composite films

Transparent and flexible films with different CQDs content
were obtained for RH < 50% at room temperature. As the
CQDs mass increases, the colour of the sample shifts from
colourless to deep orange, as shown in Fig. 3.

The thickness of the samples is about 40–60 µm, mea-
sured with a micrometre. Variation of the thickness has
been observed from sample-to-sample.

Compared to SF-CQDs solution, the UV–vis absorption
spectra of the composite films show the typical absorbance
peaks of the CQDs in the 300–500 nm range (Fig. 4) The

main peaks are slightly redshifted at 340 and 408 nm with
respect to the CQDs in water.

When illuminated with UV light, SF films exhibit blue
emission (400-500 nm) due to the contribution of endogenous
fluorescence groups of the protein. In the composite films, the
emission is stronger and shifts toward the green spectral
region (500–600 nm), indicating that the CQDs give the main

Fig. 2 a PL emission spectra of
CQDs in water (16 mg/ml) for
different excitation wavelengths.
Inset: photograph of the solution
under 365 nm UV light
excitation. b PL emission
spectra of CQDs in SF solution
(CQDs concentration 16 mg/ml)
for different excitation
wavelengths

Fig. 3 Photographs of SF-CQDs
composites with different CQDs
content under visible (a) and
365 nm UV-lamp irradiation (b)
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Fig. 4 UV–vis absorption spectra of SF-CQDs composites with dif-
ferent CQDs amounts (wt%)
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contribution to the PL. Figure 5 shows the emission spectra of
SF-CQDs composite films excited at 380 nm. The emission
intensity increases by about 150% with increasing CQDs
concentration from 0.05 to 0.5%wt, and then decreases for
higher concentrations.

The quenching of the PL peak for high CQDs loading can
be attributed to the interaction between the SF moieties and the
surface functionalities of CQDs, or to the aggregation of
nanoparticles inside the matrix [10]. As the CQDs concentra-
tion increases, they tend to agglomerate, and the particle size
increases. The redshift and the broadening of the PL peaks due
to the increase of CQDs size has been already reported in the
literature. This effect has been related to the variation of the
aromatic sp2 nano-domains and the band-edge overlap
between the intrinsic and extrinsic bands of CQDs [31].

Further confirmation of agglomeration phenomena is
given in Fig. 6a by the drop-in transparency to 40% for a
concentration of 5%wt and by TEM images (see Fig. 6b).

As already observed in the literature, a drop-in trans-
mittance is most likely due to the scattering of the light by

agglomerated nanoparticles [10]. To better visualise the
decrease in transmission, we report in Fig. 6a the trans-
mittance as a function of the particle content at a repre-
sentative wavelength of 550 nm, where the human eye has
the highest sensitivity [32].

As seen in Fig. 6b, samples with a high concentration of
CQDs show agglomerates of hundreds of nanometres in
diameter, compared to the size of the as synthesised CQDs of
about 4 nm [23]. From the image analysis, we determined a
mean diameter of 170 ± 47 nm in the case of 5%wt con-
centration, while the value for a lower concentration (0.5%
wt) was about 15 ± 5 nm, confirming that the observed
transmittance decrease is due to the aggregation of the CQDs.

We performed FTIR measurements to investigate the
possible interaction occurring between the polymer chains
and the CQDs during the formation of the dense films
(Fig. 7). All the films show an infrared spectrum similar to
that of silk (black line, 0%wt CQDs). The characteristic
amide bands exhibit maxima at 1637 cm−1 (amide I),
1513 cm−1 (amide II) and 1234 cm−1 (amide III).

These bands are sensitive to the variation in the sec-
ondary structure of the fibroin, in particular to the for-
mation of β-sheets. According to the literature, bands at
1650 and 1530 cm−1 are assigned to a disordered structure
(helices and random coils), and bands at 1624 and
1510 cm−1 to β-sheets [16, 33]. This suggests that the
secondary structure of our silk contains both disordered
structural elements, together with β-sheets. No changes
are detected by increasing the CQDs content, indicating
that no chemical bonds are formed between SF and CQDs
during the sol-gel transition, and the particles are only
physically mixed with the matrix, as already reported for
similar composites with lower particles loading [12, 25].

3.3 Post-crosslinking composite films

The stability and degradation of SF materials depend on the
protein secondary structure. An increase in the β-sheet content

Fig. 5 PL spectra of SF-CQDs composites with different CQDs
amounts (wt%)

Fig. 6 a Transmittance of SF-CQDs composite films at 550 nm as a function of CQDs concentration (wt%). b TEM images of SF-CQDs composite
film (5%wt CQDs). Red circles show agglomerated nanoparticles
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enhances the water stability of SF films and reduce the bio-
degradation rate. Crosslinking of SF-CQDs composites
induced by a methanol annealing was conducted to improve
the water resistance of the materials. Methanol is often used to
promote a conformational transition from random coils to
β-sheets [34]. Figure 8 shows the FTIR spectra of treated
nanocomposites films. After methanol annealing, the peak of
the amide I band shifts from 1637 to 1622 cm−1. This shift
reflects an increased fraction of the peak components between
1625 and 1620 cm−1 attributable to the β-sheets structure.
Similarly, the shift of the amide III band from 1234 to
1230 cm−1 is ascribable to an increase of the β-sheets con-
formation [35, 36]. As for the pristine samples, no variations
between the different compositions were detected.

We measured the mass loss after the treatment (Table 1).
Mass loss is related to the dehydration of SF and partial

dissolution of the material [18]. UV–vis absorption spectra

of the residual methanol solutions showed the typical
absorbance peak of quantum dots (data not reported),
indicating that the treatments affect the stability of the
nanocomposites causing leaching of the NPs.

We finally tested the stability of the methanol-treated
composites in water. As reported in Table 2, we observed a
mass loss for all the compositions, with a minimum for a
CQDs concentration between 0.5 and 1% wt. By analysing
the residual solution, we observed the presence of the
characteristic absorbance peaks of SF (275 nm) and CQDs
(408 nm) in the UV–vis absorption spectra (see Table 2).
For CQDs < 0.5%wt, the mass loss is primarily ascribable to
SF degradation, while for CQDs > 2%wt there is also a
strong signal related to CQDs.

The results suggest that the presence of high content of
CQDs affects the water stability of SF composites. Since no
chemical bonds are formed between CQDs and SF, CQDs
can be easily leached when immersed in solvents (such as
methanol and water). In addition, water affects the surface
planarity of the films by wrinkling, thereby compromising the
applicability of such composites in practical applications such
as sensing devices or displays. Future studies will investigate
alternative strategies to improve the stability of such com-
posites, for example by chemical crosslinking or water vapour

Fig. 8 FTIR spectra of pristine SF-CQDs composite films after
methanol treatment. Positions of the principal amide bands are reported

Table 1 Mass loss (Δm) of SF-CQDs composites after methanol
annealing

Sample
CQDs wt%

Δm after
MeOH treatment (%)

0 8.8

0.05 4.3

0.5 1.1

1 3.9

2 2.0

3 4.5

5 9.8

Table 2 Mass loss (Δm) after immersion in water and absorbance
(Abs) at 275 nm (corresponding to the SF characteristic absorption)
and at 408 nm (corresponding to the CQDs absorption)

Sample
CQDs wt%

Δm after
water immersion (%)

Abs @ 275 nm Abs @ 408 nm

0 4.44 0.09 /

0.05 13.3 0.24 0.01

0.5 1.45 0.06 0.04

1 1.37 0.16 0.09

2 8.25 0.75 0.33

3 2.60 0.61 0.38

5 4.05 0.84 0.57

Fig. 7 FTIR spectra of pristine SF-CQDs composite films. Positions of
principal amide bands are reported
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annealing [37], and the investigations of biocompatibility for
application in biomedical devices.

4 Conclusions

In this work, we investigated the PL properties of SF-
CQDs composites with different CQDs content. The best
results were achieved for 0.5 wt% CQDs, while quenching
of PL intensity and loss in transparency was observed for
higher concentrations, due to aggregation phenomena.
FTIR analysis showed that the CQDs and the SF matrix
were physically mixed, and no chemical bonds were
detected. Treatment of the samples with methanol pro-
moted physical crosslinking of SF through the formation of
β-sheets, but it reduced the PL of the materials because of
leaching and quenching of CQDs especially for CQDs >
1%wt. Finally, we investigated the stability of the nano-
composite in water, and observed a mass loss for CQDs >
1%wt. We found that the best composition in terms of PL
intensity and water stability is 0.5%wt CQDs. These pre-
liminary results offer a first understanding of the interaction
between CQDs and the SF matrix and a starting point for
the fabrication of green and biocompatible SF-CQDs
composites with tuneable degradability and PL emission.

Funding Open access funding provided by Università degli Studi di
Padova within the CRUI-CARE Agreement.

Compliance with ethical standards

Conflict of interest The authors declare no competing interests.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. Wang R, Lu K-Q, Tang Z-R, Xu Y-J (2017) Recent progress in
carbon quantum dots: synthesis, properties and applications in
photocatalysis. J Mater Chem A 5:3717–3734. https://doi.org/10.
1039/C6TA08660H

2. Alaghmandfard A, Sedighi O, Tabatabaei Rezaei N et al. (2021)
Recent advances in the modification of carbon-based quantum
dots for biomedical applications. Mater Sci Eng C 120:111756.
https://doi.org/10.1016/J.MSEC.2020.111756

3. Zheng XT, Ananthanarayanan A, Luo KQ, Chen P (2015)
Glowing graphene quantum dots and carbon dots: Properties,
syntheses, and biological applications. Small 11:1620–1636.
https://doi.org/10.1002/smll.201402648

4. Chang H, Wu H (2013) Graphene-based nanomaterials: synthesis,
properties, and optical and optoelectronic applications. Adv Funct
Mater 23:1984–1997. https://doi.org/10.1002/adfm.201202460

5. Facure MHM, Schneider R, Mercante LA, Correa DS (2020) A
review on graphene quantum dots and their nanocomposites:
From laboratory synthesis towards agricultural and environmental
applications. Environ Sci Nano 7:3710–3734

6. Lim SY, Shen W, Gao Z (2015) Carbon quantum dots and their
applications. Chem Soc Rev 44:362–381

7. Zhu S, Meng Q, Wang L et al. (2013) Highly photoluminescent
carbon dots for multicolor patterning, sensors, and bioimaging.
Angew Chem Int Ed 52:3953–3957. https://doi.org/10.1002/anie.
201300519

8. Mintz KJ, Zhou Y, Leblanc RM (2019) Recent development of
carbon quantum dots regarding their optical properties, photo-
luminescence mechanism, and core structure. Nanoscale
11:4634–4652

9. Du X-Y, Wang C-F, Wu G, Chen S (2021) The rapid and large-
scale production of carbon quantum dots and their integration
with. Polym Angew Chem Int Ed 60:8585–8595. https://doi.org/
10.1002/ANIE.202004109

10. Kovalchuk A, Huang K, Xiang C et al. (2015) Luminescent
polymer composite films containing coal-derived graphene
quantum dots. ACS Appl Mater Interfaces 7:26063–26068.
https://doi.org/10.1021/acsami.5b06057

11. Yang G, Wan X, Liu Y et al. (2016) Luminescent poly(vinyl
alcohol)/carbon quantum dots composites with tunable water-
induced shape memory behavior in different ph and temperature
environments. ACS Appl Mater Interfaces 8:34744–34754.
https://doi.org/10.1021/acsami.6b11476

12. Luk CM, Tang LB, Zhang WF et al. (2012) An efficient and stable
fluorescent graphene quantum dot-agar composite as a converting
material in white light emitting diodes. J Mater Chem
22:22378–22381. https://doi.org/10.1039/c2jm35305a

13. Feng Z, Adolfsson KH, Xu Y et al. (2021) Carbon dot/polymer
nanocomposites: from green synthesis to energy, environmental
and biomedical applications. Sustain Mater Technol 29:e00304.
https://doi.org/10.1016/J.SUSMAT.2021.E00304

14. Zhou Z, Zhang S, Cao Y et al. (2018) Engineering the Future of
Silk Materials through Advanced Manufacturing. Adv Mater
1706983. https://doi.org/10.1002/adma.201706983

15. DeBari MK, Claude I, King I, Altgold TA, Abbott RD (2021) Silk
fibroin as a green material. ACS Biomater Sci Eng 7:3530–3544.
https://doi.org/10.1021/ACSBIOMATERIALS.1C00493

16. Matsumoto A, Chen J, Collette AL et al. (2006) Mechanisms of
silk fibroin sol-gel transitions. J Phys Chem B 110:21630–21638.
https://doi.org/10.1021/jp056350v

17. Lin Y, Xia X, Shang K et al. (2013) Tuning chemical and physical
cross-links in silk electrogels for morphological analysis and
mechanical reinforcement. Biomacromolecules 14:2629–2635.
https://doi.org/10.1021/bm4004892

18. Huson MG, Church JS, Poole JM et al. (2012) Controlling the
molecular structure and physical properties of artificial honeybee
silk by heating or by immersion in solvents. PLoS ONE 7:e52308.
https://doi.org/10.1371/journal.pone.0052308

19. Colusso E, Martucci A (2021) An overview of biopolymer-based
nanocomposites for optics and electronics. J Mater Chem C
9:5578–5593. https://doi.org/10.1039/D1TC00607J

Journal of Sol-Gel Science and Technology

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1039/C6TA08660H
https://doi.org/10.1039/C6TA08660H
https://doi.org/10.1016/J.MSEC.2020.111756
https://doi.org/10.1002/smll.201402648
https://doi.org/10.1002/adfm.201202460
https://doi.org/10.1002/anie.201300519
https://doi.org/10.1002/anie.201300519
https://doi.org/10.1002/ANIE.202004109
https://doi.org/10.1002/ANIE.202004109
https://doi.org/10.1021/acsami.5b06057
https://doi.org/10.1021/acsami.6b11476
https://doi.org/10.1039/c2jm35305a
https://doi.org/10.1016/J.SUSMAT.2021.E00304
https://doi.org/10.1002/adma.201706983
https://doi.org/10.1021/ACSBIOMATERIALS.1C00493
https://doi.org/10.1021/jp056350v
https://doi.org/10.1021/bm4004892
https://doi.org/10.1371/journal.pone.0052308
https://doi.org/10.1039/D1TC00607J


20. Lin N, Hu F, Sun Y et al. (2014) Construction of white-light-
emitting silk protein hybrid films by molecular recognized
assembly among hierarchical structures. Adv Funct Mater
24:5284–5290. https://doi.org/10.1002/adfm.201400249

21. Lu D, Zheng Z, Guo S et al. (2015) Binding quantum dots to silk
biomaterials for optical sensing. J Sensors https://doi.org/10.1155/
2015/819373

22. Ardekani SM, Dehghani A, Hassan M et al. (2017) Two-photon
excitation triggers combined chemo-photothermal therapy via doped
carbon nanohybrid dots for effective breast cancer treatment. Chem
Eng J 330:651–662. https://doi.org/10.1016/j.cej.2017.07.165

23. Ardekani SM, Dehghani A, Ye P et al. (2019) Conjugated carbon
quantum dots: Potent nano-antibiotic for intracellular pathogens. J
Colloid Interface Sci 552:378–387. https://doi.org/10.1016/j.jcis.
2019.05.067

24. Vepari C, Kaplan DL (2007) Silk as a biomaterial. Prog Polym Sci
32:991–1007. https://doi.org/10.1016/J.PROGPOLYMSCI.2007.
05.013

25. Liu P, Wei Z, Cheng K et al. (2020) Self-healable flexible lumi-
nescent films based on silk fibroin and graphene quantum dots.
OSA Contin 3:1021. https://doi.org/10.1364/osac.383872

26. Rockwood DN, Preda RC, Yücel T et al. (2011) Materials fabri-
cation from Bombyx mori silk fibroin. Nat Protoc 6:1612–1631.
https://doi.org/10.1038/nprot.2011.379

27. Colusso E, Perotto G, Wang Y et al. (2017) Bioinspired stimuli-
responsive multilayer film made of silk–titanate nanocomposites. J
Mater Chem C 5:3924–3931. https://doi.org/10.1039/C7TC00149E

28. Qi Y, Wang H, Wei K et al. (2017) A Review of Structure
Construction of Silk Fibroin Biomaterials from Single Structures
to Multi-Level Structures. Int J Mol Sci 18:237. https://doi.org/10.
3390/ijms18030237

29. Tang L, Ji R, Cao X et al. (2012) Deep ultraviolet photo-
luminescence of water-soluble self-passivated graphene quantum
dots. ACS Nano 6:5102–5110. https://doi.org/10.1021/nn300760g

30. Sionkowska A, Planecka A (2011) The influence of UV radiation
on silk fibroin. Polym Degrad Stab 96:523–528. https://doi.org/10.
1016/j.polymdegradstab.2011.01.001

31. Song SH, Jang M, Yoon H et al. (2016) Size and pH dependent
photoluminescence of graphene quantum dots with low oxygen
content. RSC Adv 6:97990–97994. https://doi.org/10.1039/
c6ra21651j

32. Parlak O, Demir MM (2013) Anomalous transmittance of
polystyrene-ceria nanocomposites at high particle loadings. J
Mater Chem C 1:290–298. https://doi.org/10.1039/c2tc00084a

33. Guo C, Zhang J, Jordan JS et al. (2018) Structural comparison of
various silkworm silks: an insight into the structure-property
relationship. Biomacromolecules 19:906–917. https://doi.org/10.
1021/acs.biomac.7b01687

34. Tsukada M, Gotoh Y, Nagura M et al. (1994) Structural changes
of silk fibroin membranes induced by immersion in methanol
aqueous solutions. J Polym Sci Part B Polym Phys 32:961–968.
https://doi.org/10.1002/polb.1994.090320519

35. Hu Y, Zhang Q, You R et al. (2012) The relationship between
secondary structure and biodegradation behavior of silk fibroin
scaffolds. Adv Mater Sci Eng https://doi.org/10.1155/2012/185905

36. Kweon H, Um IC, Park YH (2001) Structural and thermal char-
acteristics of Antheraea pernyi silk fibroin/chitosan blend film.
Polymer 42:6651–6656. https://doi.org/10.1016/S0032-3861(01)
00104-5

37. Jin HJ, Park J, Karageorgiou V et al. (2005) Water-stable silk
films with reduced β-sheet content. Adv Funct Mater
15:1241–1247. https://doi.org/10.1002/adfm.200400405

Journal of Sol-Gel Science and Technology

https://doi.org/10.1002/adfm.201400249
https://doi.org/10.1155/2015/819373
https://doi.org/10.1155/2015/819373
https://doi.org/10.1016/j.cej.2017.07.165
https://doi.org/10.1016/j.jcis.2019.05.067
https://doi.org/10.1016/j.jcis.2019.05.067
https://doi.org/10.1016/J.PROGPOLYMSCI.2007.05.013
https://doi.org/10.1016/J.PROGPOLYMSCI.2007.05.013
https://doi.org/10.1364/osac.383872
https://doi.org/10.1038/nprot.2011.379
https://doi.org/10.1039/C7TC00149E
https://doi.org/10.3390/ijms18030237
https://doi.org/10.3390/ijms18030237
https://doi.org/10.1021/nn300760g
https://doi.org/10.1016/j.polymdegradstab.2011.01.001
https://doi.org/10.1016/j.polymdegradstab.2011.01.001
https://doi.org/10.1039/c6ra21651j
https://doi.org/10.1039/c6ra21651j
https://doi.org/10.1039/c2tc00084a
https://doi.org/10.1021/acs.biomac.7b01687
https://doi.org/10.1021/acs.biomac.7b01687
https://doi.org/10.1002/polb.1994.090320519
https://doi.org/10.1155/2012/185905
https://doi.org/10.1016/S0032-3861(01)00104-5
https://doi.org/10.1016/S0032-3861(01)00104-5
https://doi.org/10.1002/adfm.200400405

	Photoluminescence properties of silk&#x02013;nobreakcarbon quantum dots composites
	Abstract
	Highlights
	Introduction
	Experimental
	Materials
	Fabrication of SF-CQDs composite films
	Characterisations
	Stability in water

	Results and discussion
	Preliminary characterisations
	Pristine composite films
	Post-crosslinking composite films

	Conclusions
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




