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Topically applicated curcumin/
gelatin-blended nanofibrous mat inhibits 
pancreatic adenocarcinoma by increasing ROS 
production and endoplasmic reticulum stress 
mediated apoptosis
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Abstract 

Background: Pancreatic adenocarcinoma (PDAC) is one of the most fatal malignancies. Surgical resection supple-
mented by chemotherapy remains the major therapeutic regimen, but with unavoidable resistance and systemic 
toxic reaction. Curcumin is a known safe natural compound that can effectively eliminate pancreatic adenocarcinoma 
cells in vitro, making it a promising candidate for substitution in subsequent chemotherapy. However, due to its 
extremely low bioavailability caused by its insolubility and circular elimination, curcumin had an unexpectedly mod-
est therapeutic effect in clinical trials.

Results: Here, we electrospun curcumin/gelatin-blended nanofibrous mat to largely improve curcumin’s bioavailabil-
ity by local controlled-release. With characterization by scanning electron microscopy, fluorescence microscopy, Fou-
rier transform infrared spectroscopy, X-ray diffraction and high-performance liquid chromatography, it was revealed 
that curcumin was uniformly dispersed in the fiber of the mats with nanoscopic dimensions and could be continu-
ously released into the surrounding medium for days. The cancer inhibitory effects of nano-curcumin and underlying 
mechanisms were further explored by assays using pancreatic adenocarcinoma cell and experiments using xenograft 
model. The results showed the released nano-curcumin could effectively inhibit pancreatic adenocarcinoma cell 
proliferation not only in vitro, but more importantly in vivo. This cytotoxic effect of nano-curcumin against pancreatic 
adenocarcinoma was achieved through provoking the production of intracellular reactive oxygen species and activat-
ing endoplasmic reticulum stress, which leads to enhanced cell apoptosis via decreased phosphorylation of signal 
transducer and activator of transcription 3.

Conclusions: Clinically, curcumin/gelatin-blended nanofibrous mat could be a promising, secure, efficient and 
affordable substitutional agent for the elimination of residual cancer cells after tumor resection. Moreover, our 
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Background
Pancreatic cancer is one of the most lethal malignancies, 
with an estimated 458,918 new cases diagnosed world-
wide and an associated 432,242 deaths in 2018, which 
presents a considerable health problem [1–4]. Among 
them, pancreatic adenocarcinoma (PDAC) is the most 
malignant subtype with a 5-year survival rate of less than 
only 5% [5]. Radical operation is the only way to cure 
PDAC, but over 85% of patients are already at advanced 
stages upon initial diagnosis that has lost the chance of 
radical resection [6–8]. Currently, coalition therapy 
combining surgery with chemotherapy, radiotherapy or 
immunotherapy is the main option in the clinic, however, 
PDAC is characterized by an extraordinary resistance to 
chemo- and radiotherapy as well as to molecularly tar-
geted therapy and immunotherapy [9–17]. Worse still, 
the nonspecific damage caused by radiotherapy as well 
as chemotherapeutic agents’ toxicity-related side effects 
further reduce patients’ life quality [18–30]. Besides, for 
most patients, especially those in developing countries, 
immunotherapy or chemotherapy is simply not available 
or not affordable [31–38]. Therefore, physicians and sci-
entists are in constant search for alternative therapeutic 
agents that is more safe, efficient and cost-effective.

Recently, curcumin (chemical formula:  C21H20O6; 
(1E,6E)-1,7-Bis(4-hydroxy-3- methoxyphenyl)-1,6-hep-
tadiene-3,5-dione), the main bio-therapeutic compound 
in turmeric, has been identified and shown its great 
potential to induce apoptosis of various types of cancer 
cells [39–43]. In addition to its excellent pharmaceutical 
effects, curcumin has a broad range of sources and has 
been verified to have extremely low toxicity to human, 
as a reported safe dose of curcumin in clinical trials can 
be as high as 8000 mg/day, rendering it a promising can-
didate for combined chemo-therapy against pancreatic 
cancer immediately after ablative surgery [44–47]. How-
ever, despite the fact that curcumin is safe and inexpen-
sive with significant pharmacological actions in vitro, its 
performance against pancreatic cancer in the clinic is 
unexpectedly modest [46, 48]. This is mainly due to its 
inherent defects of insolubility, instability as well as its 
poor absorption and rapid systemic elimination via sys-
tematic administration [44, 47, 49, 50]. What’s more, 
because of its low bioavailability and potency, it is diffi-
cult to gain reliable evidence from laboratory studies to 
fully elucidate the molecular mechanisms of curcumin 
against pancreatic cancer. Although, several types of 

curcumin analogs can be obtained by structural modi-
fication. Some of these analogs have been shown with 
improved solubility and have been used to investigate 
potential mechanisms of curcumin’s cytocidal impact 
on pancreatic cancer cell. However, the molecular struc-
ture of these analogs is obviously different from that of 
natural curcumin. Therefore, it is uncertain whether the 
discovered mechanisms of curcumin analog apply to cur-
cumin itself. Moreover, the biosafety of these analogs has 
not been verified by long-term practice, so they are still a 
long way to the clinical translation [51, 52]. Altogether, to 
address the problems of low bioavailability and potency 
of curcumin itself may be a more direct and efficient 
mean of curcumin being further translated as favorable 
pharmacotherapy against pancreatic adenocarcinoma. 
In the case of removing residual cancer cells after abla-
tive surgery, a suitable carrier system capable of sustained 
local drug delivery, ideally as surgical implant, seems to 
be an adoptable strategy, as it has been shown to be effec-
tive in dealing surgical wounds [53, 54].

In this work, we proposed a method to significantly 
enhance the bioavailability of curcumin by electospin-
ning of curcumin/gelatin-blended nanofibrous mats 
(NMs). Therefore, curcumin is dispersed by encapsu-
lated inside the NMs to improve its solubility by opti-
mized release kinetics. By topical delivery, low doses of 
curcumin released from curcumin/gelatin NMs (Cc/Glt 
NMs) has been shown to efficiently eliminate PDAC cells 
without additional cytotoxic effect on normal somatic 
tissue cells. Meanwhile, as a fiber-forming material, gel-
atin possesses good biodegradability, non-antigenicity 
and pliability, so the prepared curcumin/gelatin NM has 
favorable biocompatibility and can be easily applied topi-
cally to surgical margins left out from tumor resection, 
which avoids fast curcumin elimination via systematic 
administration and minimizes non-targeted drug deliv-
ery to cause additional damage to normal tissue [55]. The 
in vitro and in vivo experiments showed that curcumin/
gelatin NMs could induce PDAC programmed cell death 
and suppress tumor growth. In addition, we demon-
strated that released curcumin activated the downstream 
endoplasmic reticulum stress (ER stress) signaling path-
way (Bip/p-PERK/p-elF2a) and impaired phosphoryla-
tion of signal transducer and activator of transcription 3 
(STAT3). Given these, together with the safety, potency 
and economy of curcumin and the good biodegradabil-
ity and non-antigenicity of gelatin, the fabrication of 

strategy to obtain curcumin released from nanofibrous mat may provide a universally applicable approach for the 
study of the therapeutic effects and molecular mechanisms of other potential medicines with low bioavailability.
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curcumin/gelatin nanofibrous mat could be a promis-
ing alternative for targeted chemo-therapy after abla-
tive surgery against not only pancreatic adenocarcinoma 
but also many other neoplastic diseases. Moreover, the 
strategy developed here, which disperse the low solubil-
ity molecules into nanofibers to make them can be sus-
tained released with a high concentration level, may also 
be adopted as a universal approach for the investigation 
of potential molecular mechanisms of other therapeutic 
biomolecules with low bioavailability.

Results
Curcumin dispersion and controlled release from NMs
A gelatin and curcumin mixture was electrospun into 
a millimeter-scale nanofibrous mat and cross-linked 
with glutaraldehyde. The color of the electrospun NMs 
changed markedly from white to yellow after the addi-
tion of curcumin (Fig. 1a). By scanning electron micros-
copy (SEM) and inverted fluorescence microscopy, the 
detailed fiber structures of the NMs with and without 
curcumin were imaged. The appearance of smooth fiber 
surface as well as the uniform fluorescence intensity of 
the Cc/Glt NMs indicates a homogeneous distribution 

of curcumin in the nanofibrous mat without aggregates 
larger than 100 nm (Fig. 1b, c). The structure of curcumin 
in the Cc/Glt NMs were further examined by X-ray dif-
fraction (XRD) spectroscopy. The typical characteristics 
of crystalline curcumin shown as sharp intense peaks at 
various diffraction angles, were not seen in the Cc/Glt 
NMs, which means that curcumin in the Cc/Glt NMs is 
formulated as amorphous solid dispersion (Fig.  1d). We 
also employed Fourier transform infrared spectrometry 
to explore the state of curcumin in Cc/Glt NMs (Fig. 1e). 
The results show that the Cc/Glt NM spectrum includes 
most of the characteristic peaks of both curcumin and 
gelatin, namely, the peak for highly mixed vibrations of 
v (C=O), δ (CCC) and δ (CC=O), and aromatic v (CC) 
and v (CCH) of curcumin at 1511 cm−1 and the peak at 
3302  cm−1 for the N–H stretching vibration of gelatin. 
However, some curcumin peaks were not detected in the 
Cc/Glt NM spectrum (e.g., the peak at 3507 cm−1 in the 
Cc/Glt NM spectrum), which suggests an intermolecu-
lar hydrogen bond between curcumin and gelatin. The 
amorphous separation of curcumin and noncovalent 
interaction between curcumin and gelatin prompts the 
sustained release of curcumin from Cc/Glt NMs, which 

Fig. 1 In vitro characterization of Cc/Glt NMs and controlled release of curcumin. a Photographs of the prepared Glt NM (upper) and Cc/Glt NM 
(lower); b scanning electron microscopy images of the detailed fiber structures of Cc/Glt NM; c fluorescence microscopy image of the curcumin 
distribution in the nanofiber as well as in the nanofibrous mat; d XRD spectra of curcumin in Cc/Glt NMs; e FTIR spectra of curcumin in Cc/Glt NMs; 
and f in vitro release curve of curcumin from Cc/Glt NMs (error bar: standard deviation)
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was further validated by curcumin release experiments 
in vitro. As shown in Fig. 1f, Cc/Glt NM is capable of per-
sistently maintaining curcumin concentration in the sur-
rounding solution to as high as ~ 2 mg/ml for more than 
120 h (please also see Additional file 1: Fig. S1).

Somatic toxicity of curcumin/gelatin NMs
According to the experimental results above, we can 
safely conclude that the method proposed here to pre-
pare curcumin/gelatin-blended nanofibrous mats by 
electrospinning can dramatically enhance curcumin 
bioavailability. Although it has been widely estab-
lished that curcumin is safe to normal cells and tis-
sues, the very low amount of active curcumin available 
to act on those cells and tissues due to its extremely 
low bioavailability should not be neglected. Therefore, 
it is well necessary to further verify the harmlessness 
of released curcumin (when its solubility is markedly 
increased) on those cells and tissues. Hence, we per-
formed lactate dehydrogenase (LDH) activity assay to 
evaluate the toxicity of Cc/Glt NMs on human mes-
enchymal stromal cells (hMSCs). LDH released from 
hMSCs cultured with CM-Cc/Glt NMs, CM-Glt NMs 
or control medium (DMEM) was measured. As shown 
in Fig.  2a, there was no significant difference in LDH 
level between cells treated with CM-Glt NMs, CM-Cc/
Glt NMs or simply left untreated (control), indicating 
that Cc/Glt NM has no detectable toxicity to cells from 
normal tissue, even when the co-culture period lasts as 
long as seven days. The effects of Cc/Glt NMs or Glt 
NMs on the viability of hMSCs were also evaluated by 
MTT (3-(4, 5-dimethylthiazolyl-2)-2, 5-diphenyltetra-
zolium bromide) assay. The results showed that there 
was no significant change of cell proliferation at least in 
the first 6 days (Additional file 1: Fig. S2).

Inhibited proliferation and induced apoptosis of pancreatic 
cancer cell in vitro
In order to validate the effect of curcumin in the Cc/Glt 
NM on PDAC cells, a well-established murine PDAC cell 
line 399 (with genotype  p48Cre/+,  KrasG12D/+,  Tsc1fl/+) 
was used in the colony formation assay. After incuba-
tion with nano-curcumin for 72  h, murine PDAC cells’ 
proliferation was inhibited (Fig. 2b). The colony number 
decreased by approximately 60% in the group treated 
with conditioned medium of Cc/Glt NM (CM-Cc/Glt 
NM) compared to the group treated with conditioned 
medium of Glt NM (CM-Glt NM) and the control group 
(colony number in the group treated by DMEM vs. CM-
Glt NM vs. CM-Cc/Glt NM: 75.2 ± 7.7 vs. 77.2 ± 13.3 
vs. 29.6 ± 6.5). Moreover, the human PDAC cell lines 
T3M4, MIA PaCa-2 and PANC-1 showed similar results 
(Fig. 2c).

To further verify the effect of nano-curcumin against 
pancreatic cancer, 3D cultured cell clusters of PANC-1 
were adopted as the in  vitro tumor model for test. The 
size of the 3D cultured cell clusters co-cultured with 
CM-Cc/Glt NM or CM-Glt NM was tracked by phase 
contrast microscopy (Fig.  3a). The diameters of 10 cell 

Fig. 2 Cytotoxicity of curcumin/gelatin NMs on cultured cells. a LDH 
level was monitored for 7 days to asses cytotoxic effect of curcumin/
gelatin NM on human mesenchymal stromal cells. As a result, the 
released curcumin exhibited no cytotoxicity to treated hMSCs; b The 
curcumin released from NMs inhibits murine PDAC cells’ proliferation 
as manifested by markedly decreased clone formation, which is 
verified by using three different types of human PDAC cells (c). (error 
bar: standard deviation)
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clusters randomly selected from each group were meas-
ured on day 7 and 14 after nano-curcumin was added 
to the culture medium. The diameter of cell clusters co-
cultured with CM-Glt NM dramatically increased to 
137 ± 22 μm (in diameter) on day 7 and 185 ± 29 μm on 
day 14, while those subjected to CM-Cc/Glt NM treat-
ment remained relatively small in size, exhibiting diam-
eter of 51 ± 12  μm on day 7 and 78 ± 23  μm on day 14 
(Fig. 3b), which proved the effectiveness of Cc/Glt NM in 
curbing pancreatic cancer cells’ proliferation. To further 
confirm the tumor suppressive activity of Cc/Glt NM, 
LIVE/DEAD fluorescent staining was used to investigate 
the survival state of Cc/Glt NM or Glt NM-treated cell 
clusters on day 14. As shown by Fig. 3C, most cells in the 
CM-Glt NM co-cultured cluster emit green fluorescence 
(alive); in contrast, cell clusters in Cc/Glt NM treated 
group gives off nearly entire red fluorescence (dead), 
denoting cell death or damage of almost all cancer cells 
in the cluster. This finding prompted us to conclude that 
Cc/Glt NM may actively induce pancreatic cancer cell 
apoptosis.

Bip activation and p‑STAT3 inhibition
To further verify the effects of Cc/Glt NMs on the induc-
tion of PDAC cell apoptosis and explore the possible 
underlying mechanisms, we first measured the intracel-
lular ROS level after Cc/Glt NM treatment. As Fig.  4a 
shows, reactive oxygen species (ROS) production in Cc/
Glt NM treated group was significantly higher (three-
fold) than that in Glt NM treated group. Besides, western 
blotting results showed that after being treated with Cc/
Glt NM, the expression of cleaved-caspase 3, phospho-
PERK, BIP, and phospho-elF2a in murine PDAC cells 
was upregulated, while the expression of phospho-STAT3 
was decreased. Meanwhile, exogenous supplemental 

N-acetyl-l-cysteine (NAC), a specific ROS scavenger, 
can rescue the alteration in cells treated with Cc/Glt 
NM (Fig. 4a, b). Therefore, it is safe to conclude that Cc/
Glt NM can induce pancreatic cancer cell apoptosis by 
increasing ROS production to trigger the downstream 
signaling of ER stress, namely, Bip/p-PERK/p-elF2a path-
way and inhibit the phosphorylation of STAT3. The same 

Fig. 3 Proliferation inhibition effects of curcumin/gelatin-blended nanofibrous mats on pancreatic cancer cell clusters. a Phase contrast microscopy 
imaging of PDAC cell clusters on days 7 and 14 after coculture w/o curcumin; b the average sizes of the PDAC cell clusters on days 7 and 14 (error 
bar: standard deviation); and c fluorescence imaging of LIVE/DEAD-stained PDAC cell clusters on day 14

Fig. 4 Molecular mechanism study of nano- curcumin against 
pancreatic cancer. a Intracellular ROS levels of murine PDAC cells 
changed by the curcumin released from Cc/Glt NMs (error bar: 
standard deviation); b western blot analysis of the expression level 
changes of cleaved-caspase 3, phospho-PERK, BIP, phospho-elF2α 
and phospho-STAT3 in murine PDAC cells; and c western blot analysis 
of the expression level changes of cleaved-caspase 3, phospho-PERK, 
BIP and phospho-STAT3 in three types of human PDAC cells
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results were observed in three other types of human 
PDAC cells, T3M4, MIA PaCa-2 and PANC-1 (Fig.  4c). 
Thus, we proved that Cc/Glt NM could promote apopto-
sis by stimulating ER stress and regulating STAT3 phos-
phorylation in pancreatic cancer cells. These results may 
not only help clarify the underlying molecular mecha-
nisms of nano-curcumin against pancreatic cancer but 
also provide reasonable evidence for its translation as 
coping strategy to deal with this fatal malignancy in the 
clinic.

In vivo pancreatic cancer therapy
In order to determine the feasibility of curcumin/gela-
tin-blended nanofibrous mat against pancreatic cancer 
in vivo, 1 × 106 murine PDAC cells were inoculated into 
parallel bilateral flank of C57Bl6 mouse subcutaneously. 
After two weeks, as visible mass formed subcutaneously, 
Cc/Glt NM or Glt NM was embedded around the sur-
face of the xenograft closely (Fig.  5a). After the topical 
application of Cc/Glt NM, tumor growth was observed to 
remarkably decreased (Fig. 5b), as tumor volume was sig-
nificantly smaller than that in the control group (Fig. 5c). 
Moreover, there were significantly fewer BrdU-positive 
cells detected in the tumorous tissues treated by Cc/Glt 
NM (Fig.  5d), which indicated a marked inhibition of 

cancer cell proliferation after Cc/Glt NM embedding. 
Meanwhile, immunohistochemistry analysis further 
confirmed that after being exposed to Cc/Glt NM, the 
expression of Bip in the tumor was upregulated, verify-
ing that ER stress was activated (Fig.  5f ), which further 
reduced phosphorylation of STAT3 in tumors (Fig.  5e). 
Taken together, these results suggest that Cc/Glt NM 
may act as a promising topical agent against PDAC in the 
clinic, as through local delivery, nano-curcumin exhib-
its favorable pharmacological properties to induce and 
cytocidal effect on both PDAC cell and xenograft tumor, 
respectively.

Discussion
Many traditional medicines (such as traditional Chi-
nese medicine and traditional Indian medicine) have 
been verified for their safety after a long period of prac-
tice [57, 58]. Additionally, recent studies have puri-
fied the active ingredients and revealed the biological 
functional mechanisms [59, 60]. One successful exam-
ple is curcumin, which is the natural polyphenol and 
principal curcuminoid found in the rhizome of a well-
documented medicinal plant (turmeric). Experimental 
studies have shown that curcumin has many beneficial 

Fig. 5 Antitumor effects of curcumin/gelatin-blended nanofibrous mats in a mouse model of PDAC. a The flow diagram of the antitumor effect 
study of Cc/Glt NMs; b the tumor volume change over time with the Cc/Glt NMs or Glt NMs applied on day 14; c the photographs and statistical 
volume results of the PDAC tumors after Cc/Glt NMs or Glt NMs were applied for 14 days; d BrdU labeling of the tumor sections to detect the 
proliferation of active cells after 14 days of treatment with Cc/Glt NMs; e the phospho-STAT3 expression levels in the tumor after 14 days of 
treatment with Cc/Glt NMs; and f the BIP expression levels in the tumor after 14 days of treatment with Cc/Glt NMs. (error bar: standard deviation)
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pharmacological effects such as anti-cancer, anti-inflam-
matory, anti-mutagenic and anti-coagulant, to name but 
a few, which makes it a research hotpot over decades 
[39, 40, 61–63]. Therefore, it is considered to be effec-
tive treatment for cancer, rheumatoid arthritis, wound 
healing, cardiovascular diseases and so on [64, 65]. How-
ever, like many other naturally derived active compounds 
from traditional medicinal plant, the actual performance 
of curcumin in clinical practice are doubted [46, 48, 66]. 
This is mainly due to its poor solubility and low bio-
availability [42]. Although curcumin analogs have been 
developed to improve its biocompatibility and bioavail-
ability, among which the molecular mechanisms inter-
preting pancreatic cancer cell apoptosis by some of these 
soluble curcumin analogs have been outlined, convinc-
ing experimental evidence are still required pertaining 
to their biosafety and mechanism of action compared to 
natural curcumin before they can be further translated in 
the clinic. Recent advances in material science indicate 
that the development of nano-sized delivery systems is 
helpful to overcome curcumin’s own defects, which has 
shed some new lights for its clinical translation [42]. As 
a tentative attempt, we made curcumin/gelatin-blended 
nanofibrous mat capable of controlled release of incorpo-
rated curcumin by electrospinning (Fig. 1a), which largely 
improved curcumin’s bioavailability as it has been physi-
cally changed its crystal state into nanoscale solid disper-
sion (Fig. 1d).

Material characterization indicate that curcumin 
encapsulated in NMs obtained by this method has an 
unchanged molecular structure as curcumin powder 
purified from native turmeric (Fig. 1e). Most importantly, 
by transforming native curcumin to the prepared Cc/Glt 
NMs, curcumin can be continuously released into the 
surrounding solution for days (Fig. 1f ), which preserves 
its stability to the greatest extent. Also, the released cur-
cumin had no obvious toxicity to somatically derived 
normal cells but has remarkable cytocidal effects on 
pancreatic cancer cells of different origin (human and 
murine) (Figs.  2, 3). Therefore, we could further scruti-
nize how nano-curcumin acts against PDAC and found 
that it raises ROS level inside pancreatic cancer cells to 
activate ER stress signaling and finally inhibit the phos-
phorylation of downstream effector STAT3, leading to 
cell apoptosis in the end (Fig.  4). This was verified by 
an in  vivo mouse model of Xenograft tumors that two 
weeks after the application of Cc/Glt NM, the growth of 
the tumor was significantly inhibited, which is consistent 
with markedly decreased cell proliferation in these tumor 
tissues. Therefore, we attribute these observations to 
changes in ER stress signaling and phosphorylation levels 
of STAT3 induced by nano-curcumin (Fig. 5).

Prior reports have shown that curcumin produces 
inhibitory effects on multiple targets, such as inflam-
matory cytokines, growth factors, anti-apoptotic pro-
teins, and transcriptional factors, which further suppress 
inflammation, angiogenesis, proliferation and apop-
tosis [67]. Dhillon and the co-workers reported clini-
cal response of curcumin to repress phosphorylation of 
constitutive STAT3 by daily oral administration in pan-
creatic cancer patients [46]. Therefore, our findings that 
nano-curcumin inhibits p-STAT3 is in consistence of 
previous evidence. Besides, it is interesting to note that 
we also found that nano-curcumin activated Bip/PERK/
elf2a axis to induce apoptosis and impair proliferation, 
which further illustrated its multiple molecular targets of 
anti-tumor role. However, more works are still needed to 
further elucidate its potential mechanisms.

In view of above, we have provided a feasible approach 
to effectively improve the bioavailability of curcumin. To 
be more precisely, the curcumin encapsulated inside the 
NMs with enhanced solubility and stability by the current 
method demonstrated significant impact on PDAC cells 
both in vitro and in vivo. More importantly, the effective-
ness of the Cc/Glt NM to successfully suppress tumor 
growth has also been proven by animal experiments, 
which provides meaningful evidence for its potential 
application in later clinical settings. It is noteworthy that 
although our method has improved the bioavailability of 
curcumin through sustained release, a more precise drug 
transportation and targeted delivery of curcumin by tak-
ing advantage of gelatin’s good biodegradability and non-
antigenicity is yet to be explored. Hopefully, this can be 
solved by preparing smaller Cc/Glt NM for direct injec-
tion with more accuracy or by chemical modification to 
allow Cc/Glt NMs to bind to targeted tissues or cells. 
Meanwhile, the macroscopic Cc/Glt NMs may be appli-
cable as a potential chemo-preventive agent or a novel 
adjuvant treatment to eliminate peripheral residual can-
cer cells after ablative surgery for pancreatic cancer.

At the same time, the most readily available approach 
to home in tumor for targeted therapy is to deliver the 
drug (or its active ingredients) directly to targeted area 
and allow it to stay there at a proper concentration for 
proper time. In this work, the preparation of drug loaded 
nanofibrous mat directly disperses the drug into a solid 
state membrane so that when the membrane is topi-
cally applied to the tumor region, targeted drug delivery 
was achieved in a sense. On the other hand, it has been 
found that the dissolution rate of drug particle will mark-
edly increase when its surface area to volume ratio is 
increased. Therefore, the blended nanofibrous mat here 
(by mixing curcumin with gelatin) has greatly increased 
curcumin dissolution by increasing its surface area to vol-
ume ratio. Meanwhile, FTIR analysis also prompted that 
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curcumin was incorporated into the fiber only with non-
covalently bounding, so it can mildly return to the envi-
ronmental solution by diffusion in a sustainable manner. 
Since the enhanced solubility and the ability of sustained 
release are both driven by physical factors without the 
need of any specific covalent bond or other interactions 
between the drug and the carrier, our method to pre-
pare drug loaded nanofibrous mat may provide a general 
solution to improve the bioavailability of other natural 
compounds and traditional medicines, in other words, it 
is reasonable to assume that this strategy might be well 
suitable to be adopted for the exploitation of other medi-
cal compounds with low bioavailability—but more inves-
tigations are yet to be conducted.

Conclusions
In this study, curcumin loaded gelatin nanofibrous mats 
were prepared by electrospinning. Curcumin encap-
sulated inside the NMs could therefore be sustainedly 
released to reach a certain level in the environmental 
solution and last for days. The controlled release signifi-
cantly improved the bioavailability of curcumin, which 
was proven by in vitro and in vivo assays. Notably, upon 
topical application of the curcumin/gelatin-blended 
nanofibrous mat, the growth of the xenografts tumor 
in the animal model were seen evidently suppressed. 
Therefore, the underlying mechanisms were further scru-
tinized. It was found that the released curcumin can acti-
vate the production of intracellular ROS, which induced 
ER stress and decreased the phosphorylation of STAT3. 
In conclusion, the dispersion of curcumin into the NMs 
through electrospinning might be a promising approach 
for combination therapy against pancreatic cancer and 
many other neoplastic diseases by virtue of its safety, 
potency and cost-effectiveness.

Methods
Electrospinning and cross‑linking
One gram of gelatin (Sigma-Aldrich, Saint Louis, 
China) and 0.1  g of curcumin (Sigma-Aldrich, Saint 
Louis, China) were dissolved in 10  ml of trifluoroetha-
nol (Sigma-Aldrich, Saint Louis, China) and stirred at 
room temperature for 2 h until they were completely dis-
solved to obtain a uniform spinning solution. For electro-
spinning, the spinning solution was loaded into a 10 ml 
syringe with a 20-gauge nozzle. The syringe was placed 
10 cm from the collector (aluminum foil wrapped copper 
plate) and the feed rate was set to 1.5 ml per hour con-
trolled by a syringe pump (Cole-Parmer, US). The DC 
voltage was set at 15 kV. The residual organic solvent of 
the prepared sample was removed by vacuum drying, 
and then the sample was processed by a cross-linking 

process. Namely, a 25% glutaraldehyde solution (Sigma-
Aldrich, Saint Louis, China) and ethanol mixture (1% 
V/V) were placed together with the prepared nanofibrous 
mat in a vacuum desiccator at 24 °C for 24 h. After that, 
the cross-linked NM was rinsed with ultrapure water and 
lyophilized for 24 h. A gelatin NM without curcumin (Glt 
NM) was made in the same way as control for the subse-
quent experiments.

Nanofiber characterization
A gold film was first sputter coated on the prepared NM. 
Then, the coated samples were imaged by a scanning 
electron microscope (JSM-5600LV, JEOL, Japan) with an 
acceleration voltage of 8–10 kV.

The NM samples were subjected to X-ray diffraction 
(XRD) measurements using an X-ray diffractometer (D8 
ADVANCE, Bruker, Germany). CuKα radiation was in 
the 2θ range of 0–60°, and the operating voltage and cur-
rent were 40 kV and 300 mA, respectively. The scan rate 
was 1° (2θ)/min.

Prepared NM samples were subjected to Fourier trans-
form infrared spectroscopy (FTIR) using a Fourier trans-
form infrared spectrometer (Nicolet 6700, Thermo Fisher 
Scientific, US) with a scanning resolution of 2 cm−1 and a 
scanning range of 500–4000 cm−1.

A piece of NM was placed under a fluorescence micro-
scope (Ti-E, Nikon, Japan) with a 40× objective lens. 
According to the fluorescence spectrum characteristics 
of curcumin, FITC filter blocks (Ex: 480/30  nm, Em: 
535/45) were selected for imaging.

In vitro curcumin release
A 1.5 cm × 1.5 cm Cc/Glt NM or 0.1 g of curcumin pow-
der (corresponding to the same curcumin content as the 
1.5  cm × 1.5  cm Cc/Glt NM) was immersed into 50  ml 
of phosphate-buffered saline (PBS, pH 7·4, 37  °C). Two 
hundred microliters of solution was removed at defined 
intervals for curcumin concentration, and an equal vol-
ume of PBS was added back to the original system to 
maintain a total volume of 50  ml. A high-performance 
liquid chromatography (HPLC, 1200, Agilent, US) sys-
tem combined with a quadrupole mass spectrometer 
(API-4000, AB SCIEX, US) system was employed for the 
sample analysis. The HPLC system was operated with a 
column (4.6 × 150  mm, 3.5  μm, Eclipse XDB-C18, Agi-
lent, US) and a 300  μl/min mobile phase solution of 
water and methanol. The declustering potential, colli-
sion energy and collision cell exit potential were set to 
− 70, − 50 and − 12 V, respectively. Three lots of identical 
samples were evaluated at each scheduled time period, 
and the average number time lapse curve was plotted.
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Conditioned medium preparation
A 2 mm × 2 mm Cc/Glt NM or Glt NM was immersed 
into the 1 ml DMEM culture medium without FBS and 
incubated at 37 °C for 72 h. The conditioned medium of 
Cc/Glt NM or Glt NM was prepared by mixing the leach-
ing solution with an appropriate amount of DMEM cul-
tured medium with FBS.

Cell cytotoxicity and viability assays
Human mesenchymal stromal cells (hMSCs) (SCSP-405, 
cells were kindly provided by the Stem Cell Bank, Chi-
nese Academy of Sciences) were seeded into a 96-well 
plate at a density of 5 × 103 cells per well in 100 μl of mes-
enchymal stem cell basal medium with a bone marrow-
mesenchymal stem cell growth kit (PCS-500-030, ATCC, 
US). Twenty-four hours later, the culture medium was 
replaced with CM-Glt NM or CM-Cc/Glt NM. The lac-
tate dehydrogenase (LDH) activity assay and MTT assay 
was performed every day, according to the manufac-
turer’s instructions (Beyotime Biotechnology, Shanghai, 
China), and data were collected with a microplate reader 
(Cytation 5, BioTek, US).

PDAC cell culture
The murine PDAC cell line 399 (generated from the 
tumor developed in a genetically engineered mouse gen-
otyping  p48Cre/+; LSL-KrasG12D/+;  Tsc1fl/+ as published 
[56], a kind gift from Dr. Bo Kong, Department of Sur-
gery, Klinikum Rechts der Isar, Technical University of 
Munich) was cultured in DMEM high glucose medium 
(Gibco, Waltham, US) supplemented with 10% FBS 
(Gibco, Waltham, US), 100  U/ml penicillin and 100  µg/
ml streptomycin (Gibco, Waltham, US) at 37  °C and 5% 
 CO2. The human PDAC cell lines PANC-1, T3M4 and 
MIA PaCa-2 were provided by the Stem Cell Bank, Chi-
nese Academy of Sciences and cultured under the same 
conditions as the above murine PDAC cells.

Colony formation
In order to evaluate the effect of the curcumin released 
from Cc/Glt NMs on PDAC cells, PDAC cells (3 × 102) 
were seeded in 6-well plates and continuously cultured 
in CM with or without curcumin. After 7 days, the cells 
were fixed with methanol and stained with 10% crys-
tal violet (Beyotime Biotechnology, Shanghai, China). 
The colony number (containing more than 50 cells) 
was counted by three independent researchers under a 
microscope.

In vitro pancreatic cancer cell cluster killing
The human PDAC cell lines T3M4, MIA PaCa-2 and 
PANC-1 and murine PDAC cells were cultured as 
described above. A total of 2 × 105 cells were seeded with 

10  ml of precooled Matrigel solution (Sigma-Aldrich, 
Saint Louis, China) and gently pipetted in an ice bath 
until the cells were fully mixed with the Matrigel solu-
tion. A drop of 1.5  ml of Matrigel solution containing 
~ 3 × 104 cells was then added to a 6-well cell culture 
plate. After the Matrigel was solidified at 37  °C for 1  h, 
3 ml of DMEM was added to each well and cultured at 
37 °C for 24 h, and then the culture medium was replaced 
with CM-Glt NM or CM-Cc/Glt NM. The cell morphol-
ogy was observed every day. After 14  days, cell clusters 
were stained with a LIVE/DEAD viability kit (Thermo 
Fisher Scientific, Waltham, US) and were imaged by fluo-
rescence microscopy to visualize the dead and live cell. 
Three independent samples were chosen for analysis 
from both the Cc/Glt NM and Glt NM groups, and 10 
cell clusters in each sample were randomly selected and 
measured.

Intracellular ROS measurement
PDAC cells (1 × 104) were seeded in a black 96-well 
plate and cultured with conditioned medium of nano-
curcumin for 24 h. Then, 1 mM DCFH-DA was added to 
the cells followed by incubation at 37  °C for 1  h. Then, 
the level of intracellular ROS was determined by using an 
OxiSelect Intracellular ROS assay kit (Cell Biolabs, San 
Diego, US).

Western blot analysis
The human PDAC cell lines T3M4, MIA PaCa-2 and 
PANC-1 and murine PDAC cells were co-cultured with 
CM-Cc/Glt NM or CM-Glt NM. After 2  days, the total 
protein was prepared with diluted cell lysis buffer (Beyo-
time Biotechnology, Shanghai, China) supplemented with 
protease inhibitor (Beyotime Biotechnology, Shanghai, 
China) and phosphatase inhibitor (Beyotime Biotechnol-
ogy, Shanghai, China). The expression of BiP, p-PERK, 
p-STAT3, p-elF2a, and cleaved-caspase 3 was examined 
by using antibodies from Cell Signaling Technology 
(Frankfurt am Main, Germany), i.e., anti-BiP antibody 
(3177), anti-phospho-PERK (Thr980) antibody (3179), 
anti-phospho-eIF2a (Ser51) antibody (9721) and anti-
phospho-STAT3 antibody (9145). GAPDH (sc-25778, 
Santa Cruz Biotechnology, Santa Cruz, US) was used as a 
housekeeping gene.

Tumor xenograft model
A total of 1 × 106 tumor cells were subcutaneously trans-
planted into both sides of the backs of 8-week-old wild-
type mice. On day 14, surgery was performed to place the 
Cc/Glt NM or Glt NM tightly between the subcutaneous 
xenograft and muscle. Tumor volumes were measured 
and calculated every week. On day 28, the mice were 
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sacrificed, and the xenografts from both sides were col-
lected. The long and short diameter of each xenograft 
was measured to calculate tumor volume by its average 
diameter. The results were stated as mean ± standard 
error of the mean, and two-sample t-test was used, sta-
tistical significance was set at p < 0.05. The study was per-
formed under a protocol approved by the Institutional 
Animal Care and Use Committee of Shanghai Jiao Tong 
University (Document number: 2020038).

Immunohistochemistry and positive cell calculation
Tissue sections were deparaffinized and rehydrated, 
and antigen retrieval was performed with either citrate 
buffer or proteinase K (Beyotime Biotechnology, Shang-
hai, China). After endogenous peroxidase and nonspe-
cific binding blocking, sections were incubated with 
anti-cleaved-caspase 3, anti-BiP, and anti-BrdU anti-
bodies (ab6326, Abcam, Cambridge, US). After incuba-
tion with rabbit HRP-labeled anti-rat antibody or goat 
HRP-labeled polymer anti-rabbit antibody (ab6734, 
ab214880, Abcam, Cambridge, US), a color reaction 
was performed with a liquid DAB+ substrate chro-
mogen system. Then, the sections were counterstained 
with Mayer’s hematoxylin, dehydrated and mounted. 
For calculation of the positively stained cells, five fields 
were randomly selected and images were taken with a 
microscope (Ti-E, Nikon, Japan). The number of posi-
tively stained cells was counted by two independent 
researchers using ImageJ software (NIH, US).

Statistical analysis
The data was analyzed by using OriginPro 9.1 software 
(OriginLab, Northampton, US). Each data shown here 
was from at least three independent experiments and 
expressed as mean ± standard deviation (SD). Two-
sample t-test was used to conduct the comparison of 
the two groups’ means. p-values of higher than 0.05 
were considered not statistically significant.

Supplementary information
Supplementary information accompanies this paper at https ://doi.
org/10.1186/s1295 1-020-00687 -2.

Additional file 1: Fig. S1.. Fluorescence imaging of the curcumin/gelatin-
blended nanofiber mats after being immersed in PBS over time.  Fig. S2. 
MTT cell viability assay for human mesenchymal stromal cells treated with 
CM-Cc/Glt NM or CM-Glt NM (error bar: standard deviation).

Abbreviations
PDAC: Pancreatic adenocarcinoma; ROS: Reactive oxygen species; ER stress: 
Endoplasmic reticulum stress; STAT3: Signal transducer and activator of 
transcription 3; NMs: Nanofibrous mats; Cc/Glt NMs: Curcumin/gelatin NMs; 
Glt NMs: Gelatin NMs; XRD: X-ray diffraction; FTIR: Fourier transform infrared 
spectroscopy; hMSCs: Human mesenchymal stromal cells; LDH: Lactate 

dehydrogenase; MTT: 3-(4, 5-Dimethylthiazolyl-2)-2, 5-diphenyltetrazolium 
bromide; CM: Conditioned medium; CM-Cc/Glt NM: Conditioned medium 
of Cc/Glt NM; CM-Glt NM: Conditioned medium of Glt NM; NAC: N-Acetyl-l-
cysteine; OD: Optical density; DMEM: Dulbecco’s modified Eagle medium; FBS: 
Fetal bovine serum.

Acknowledgements
The authors thank Dr. Bo Kong from the department of Surgery, Klinikum 
Rechts der Isar, Technical University of Munich, for his gift of murine PDAC cell 
line.

Authors’ contributions
TC, ZZ, HS and YC designed the experiments, collected and analyzed the 
data. ZJ and JL searched the literatures and administrated the project. YS and 
XD supervised the study, interpreted the data and wrote the manuscript. All 
authors read and approved the final manuscript.

Funding
This work was supported by the Science and Technology Commission of 
Shanghai Municipality (Nos. 19PJ1408600 (Shanghai Pujiang Program), 
18142202100, 17JC1400804), CAS Key Laboratory of Interfacial Physics and 
Technology (CASKL-IPT1702), and the Fundamental Research Funds for the 
Central Universities (Nos. 3290008414, 3290008413). The funding agencies 
had no role in study design, data collection, data analysis, interpretation, and 
writing of the manuscript.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
The study was approved by the Institutional Animal Care and Use Committee 
of Shanghai Jiao Tong University (Document number: 2020038).

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of General Surgery, Zhongda Hospital, Medical School, 
Southeast University, Nanjing 210000, China. 2 Department of Surgery, 
Klinikum Rechts Der Isar, School of Medicine, Technical University of Munich, 
81675 Munich, Germany. 3 Department of Plastic Surgery, Shanghai General 
Hospital, Shanghai Jiao Tong University School of Medicine, Shanghai 200080, 
China. 4 Department of Hematology and Oncology, Zhongda Hospital, Medi-
cal School, Southeast University, Nanjing 21000, China. 5 Bio-ID Center, School 
of Biomedical Engineering, Shanghai Jiao Tong University, Shanghai 200240, 
China. 6 Department of Plastic and Reconstructive Surgery, Shanghai Ninth 
People’s Hospital, Shanghai Jiao Tong University, School of Medicine, Shang-
hai 200011, China. 

Received: 3 June 2020   Accepted: 30 August 2020

References
 1. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global 

cancer statistics 2018: GLOBOCAN estimates of incidence and mor-
tality worldwide for 36 cancers in 185 countries. CA Cancer J Clin. 
2018;68(6):394–424.

 2. Jia X, Du P, Wu K, Xu Z, Fang J, Xu X, et al. Pancreatic cancer mortality in 
China: characteristics and prediction. Pancreas. 2018;47(2):233–7.

 3. Rawla P, Sunkara T, Gaduputi V. Epidemiology of pancreatic cancer: global 
trends, etiology and risk factors. World J Oncol. 2019;10(1):10–27.

 4. McGuigan A, Kelly P, Turkington RC, Jones C, Coleman HG, McCain RS. 
Pancreatic cancer: a review of clinical diagnosis, epidemiology, treatment 
and outcomes. World J Gastroenterol. 2018;24(43):4846–61.

https://doi.org/10.1186/s12951-020-00687-2
https://doi.org/10.1186/s12951-020-00687-2


Page 11 of 12Cheng et al. J Nanobiotechnol          (2020) 18:126  

 5. Hidalgo M, Cascinu S, Kleeff J, Labianca R, Löhr JM, Neoptolemos J, et al. 
Addressing the challenges of pancreatic cancer: future directions for 
improving outcomes. Pancreatology. 2015;15(1):8–18.

 6. Hackert T. Surgery for pancreatic cancer after neoadjuvant treatment. 
Ann Gastroenterol Surg. 2018;2(6):413–8.

 7. Ansari D, Gustafsson A, Andersson R. Update on the management 
of pancreatic cancer: surgery is not enough. World J Gastroenterol. 
2015;21(11):3157–65.

 8. Dong S, Wang L, Guo YB, Ying HF, Shen XH, Meng ZQ, et al. Risk factors 
of liver metastasis from advanced pancreatic adenocarcinoma: a large 
multicenter cohort study. World J Surg Oncol. 2017;15(1):120.

 9. Dehal A, Smith JJ, Nash GM. Cytoreductive surgery and intraperitoneal 
chemotherapy: an evidence-based review-past, present and future. J 
Gastrointest Oncol. 2016;7(1):143–57.

 10. Foster JM, Sleightholm R, Patel A, Shostrom V, Hall B, Neilsen B, et al. Mor-
bidity and mortality rates following cytoreductive surgery combined with 
hyperthermic intraperitoneal chemotherapy compared with other high-
risk surgical oncology procedures. JAMA Netw Open. 2019;2(1):e186847.

 11. Kobal B, Noventa M, Cvjeticanin B, Barbic M, Meglic L, Herzog M, et al. 
Primary debulking surgery versus primary neoadjuvant chemotherapy 
for high grade advanced stage ovarian cancer: comparison of survivals. 
Radiol Oncol. 2018;52(3):307–19.

 12. Li Y, Zhou Y-F, Liang H, Wang H-Q, Hao J-H, Zhu Z-G, et al. Chinese expert 
consensus on cytoreductive surgery and hyperthermic intraperitoneal 
chemotherapy for peritoneal malignancies. World J Gastroenterol. 
2016;22(30):6906–16.

 13. Randle RW, Swett KR, Shen P, Stewart JH, Levine EA, Votanopoulos KI. 
Cytoreductive surgery with hyperthermic intraperitoneal chemotherapy 
in peritoneal sarcomatosis. Am Surg. 2013;79(6):620–4.

 14. Sugarbaker PH. Cytoreductive surgery and perioperative intraperitoneal 
chemotherapy: a new standard of care for appendiceal mucinous tumors 
with peritoneal dissemination. Clin Colon Rectal Surg. 2005;18(3):204–14.

 15. Sugarbaker PH, Van der Speeten K. Surgical technology and pharmacol-
ogy of hyperthermic perioperative chemotherapy. J Gastrointest Oncol. 
2016;7(1):29–44.

 16. Tentes AA, Pallas N, Karamveri C, Kyziridis D, Hristakis C. Cytoreduction 
and HIPEC for peritoneal carcinomatosis of pancreatic cancer. J Balkan 
Union Oncol. 2018;23(2):482–7.

 17. Wolfe AR, Williams TM. Altering the response to radiation: radiosensitizers 
and targeted therapies in pancreatic ductal adenocarcinoma: preclinical 
and emerging clinical evidence. Ann Pancreat Cancer. 2018;1(8):26.

 18. Bailly C. Potential use of edaravone to reduce specific side effects of 
chemo-, radio- and immuno-therapy of cancers. Int Immunopharmacol. 
2019;77:105967.

 19. Cascella M, Di Napoli R, Carbone D, Cuomo GF, Bimonte S, Muzio MR. 
Chemotherapy-related cognitive impairment: mechanisms, clinical fea-
tures and research perspectives. Recenti Prog Med. 2018;109(11):523–30.

 20. Demaria M, Leary MN, Chang J, Shao L, Liu S, Alimirah F, et al. Cellular 
senescence promotes adverse effects of chemotherapy and cancer 
relapse. Cancer Discov. 2017;7(2):165.

 21. Goodman KA, Hajj C. Role of radiation therapy in the management of 
pancreatic cancer. J Surg Oncol. 2013;107(1):86–96.

 22. Kaplan GS, Torcun CC, Grune T, Ozer NK, Karademir B. Proteasome inhibi-
tors in cancer therapy: treatment regimen and peripheral neuropathy as 
a side effect. Free Radic Biol Med. 2017;103:1–13.

 23. Metri K, Bhargav H, Chowdhury P, Koka PS. Ayurveda for chemo-
radiotherapy induced side effects in cancer patients. J Stem Cells. 
2013;8(2):115–29.

 24. Moding EJ, Kastan MB, Kirsch DG. Strategies for optimizing the response 
of cancer and normal tissues to radiation. Nat Rev Drug Discov. 
2013;12(7):526–42.

 25. Oun R, Moussa YE, Wheate NJ. The side effects of platinum-based chemo-
therapy drugs: a review for chemists. Dalton Trans. 2018;47(19):6645–53.

 26. Ramirez-Fort MK, Rogers MJ, Santiago R, Mahase SS, Mendez M, Zheng Y, 
et al. Prostatic irradiation-induced sexual dysfunction: a review and mul-
tidisciplinary guide to management in the radical radiotherapy era (Part I 
defining the organ at risk for sexual toxicities). Rep Pract Oncol Radiother. 
2020;25(3):367–75.

 27. Sampath SS. Treatment: radiation therapy. Cancer Treat Res. 
2016;170:105–18.

 28. Sipaviciute A, Sileika E, Burneckis A, Dulskas A. Late gastrointestinal 
toxicity after radiotherapy for rectal cancer: a systematic review. Int J 
Colorectal Dis. 2020;35:977–83.

 29. Smith ME, Nathan H. Cytoreductive surgery and hyperthermic intraperi-
toneal chemotherapy: safety is only half of the story. JAMA Netw Open. 
2019;2(1):e186839.

 30. Wei J, Shen Z, Wang H, Zhao Q, Ji R, Wang B, et al. Research progress on 
mechanism and dosimetry of brainstem injury induced by intensity-
modulated radiotherapy, proton therapy, and heavy ion radiotherapy. Eur 
Radiol. 2020;30:5011–20.

 31. Alatrash G, Jakher H, Stafford PD, Mittendorf EA. Cancer immunothera-
pies, their safety and toxicity. Expert Opin Drug Saf. 2013;12(5):631–45.

 32. Bhandari NR, Kathe NJ, Martin BC. Cost of healthcare among meta-
static lung cancer patients receiving chemotherapy. Value Health. 
2016;19(7):A624–A625625.

 33. da Veiga CRP, da Veiga CP, Drummond-Lage AP. Concern over cost of and 
access to cancer treatments: a meta-narrative review of nivolumab and 
pembrolizumab studies. Crit Rev Oncol/Hematol. 2018;129:133–45.

 34. Dougherty DW, Leblebjian H, Duperrault M, Awad MM, Bartel S, McDon-
nell A, et al. Outcomes of immunotherapy administration for hospitalized 
cancer patients. J Clin Oncol. 2019;37(15_suppl):e18225.

 35. Harris AH, Hohmann S, Dolan C. Real-world quality and cost burden 
of cytokine release syndrome requiring tocilizumab or steroids during 
CAR-T infusion encounter. Biol Blood Marrow Transpl. 2020;26(3):S312.

 36. Jain T, Litzow MR. No free rides: management of toxicities of novel immu-
notherapies in ALL, including financial. Hematol Am Soc Hematol Edu 
Progr. 2018;2018(1):25–34.

 37. Lambert LA, Harris A. Palliative cytoreductive surgery and hyperthermic 
intraperitoneal chemoperfusion: current clinical practice or misnomer? J 
Gastrointest Oncol. 2016;7(1):112–21.

 38. Vouk K, Benter U, Amonkar MM, Marocco A, Stapelkamp C, Pfersch S, et al. 
Cost and economic burden of adverse events associated with metastatic 
melanoma treatments in five countries. J Med Econ. 2016;19(9):900–12.

 39. Kasi PD, Tamilselvam R, Skalicka-Woźniak K, Nabavi SF, Daglia M, Bishayee 
A, et al. Molecular targets of curcumin for cancer therapy: an updated 
review. Tumor Biol. 2016;37(10):13017–28.

 40. Kunnumakkara AB, Bordoloi D, Padmavathi G, Monisha J, Roy NK, Prasad 
S, et al. Curcumin, the golden nutraceutical: multitargeting for multiple 
chronic diseases. Br J Pharmacol. 2017;174(11):1325–48.

 41. Momtazi AA, Shahabipour F, Khatibi S, Johnston TP, Pirro M, Sahebkar 
A. Curcumin as a MicroRNA regulator in cancer: a review. In: Nilius B, de 
Tombe P, Gudermann T, Jahn R, Lill R, Petersen OH, editors. Reviews of 
physiology, biochemistry and pharmacology, vol. 171. Cham: Springer 
International Publishing; 2016. p. 1–38.

 42. Nelson KM, Dahlin JL, Bisson J, Graham J, Pauli GF, Walters MA. The essen-
tial medicinal chemistry of curcumin. J Med Chem. 2017;60(5):1620–37.

 43. Seo J-A, Kim B, Dhanasekaran DN, Tsang BK, Song YS. Curcumin induces 
apoptosis by inhibiting sarco/endoplasmic reticulum Ca2+ ATPase activ-
ity in ovarian cancer cells. Cancer Lett. 2016;371(1):30–7.

 44. Adiwidjaja J, McLachlan AJ, Boddy AV. Curcumin as a clinically-promising 
anti-cancer agent: pharmacokinetics and drug interactions. Expert Opin 
Drug Metab Toxicol. 2017;13(9):953–72.

 45. Cheng AL, Hsu CH, Lin JK, Hsu MM, Ho YF, Shen TS, et al. Phase I clinical 
trial of curcumin, a chemopreventive agent, in patients with high-risk or 
pre-malignant lesions. Anticancer Res. 2001;21(4b):2895–900.

 46. Dhillon N, Aggarwal BB, Newman RA, Wolff RA, Kunnumakkara AB, 
Abbruzzese JL, et al. Phase II trial of curcumin in patients with advanced 
pancreatic cancer. Clin Cancer Res. 2008;14(14):4491–9.

 47. Hosseini M, Hassanian SM, Mohammadzadeh E, ShahidSales S, Maftouh 
M, Fayazbakhsh H, et al. Therapeutic potential of curcumin in treatment 
of pancreatic cancer: current status and future perspectives. J Cell Bio-
chem. 2017;118(7):1634–8.

 48. Epelbaum R, Schaffer M, Vizel B, Badmaev V, Bar-Sela G. Curcumin and 
gemcitabine in patients with advanced pancreatic cancer. Nutr Cancer. 
2010;62(8):1137–41.

 49. Sharma RA, McLelland HR, Hill KA, Ireson CR, Euden SA, Manson MM, et al. 
Pharmacodynamic and pharmacokinetic study of oral Curcuma extract in 
patients with colorectal cancer. Clin Cancer Res. 2001;7(7):1894–900.

 50. Lao CD, Ruffin MT, Normolle D, Heath DD, Murray SI, Bailey JM, et al. Dose 
escalation of a curcuminoid formulation. BMC Complement Altern Med. 
2006;6:10.



Page 12 of 12Cheng et al. J Nanobiotechnol          (2020) 18:126 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your research ?  Choose BMC and benefit from: 

 51. Friedman L, Lin L, Ball S, Bekaii-Saab T, Fuchs J, Li PK, et al. Curcumin 
analogues exhibit enhanced growth suppressive activity in human 
pancreatic cancer cells. Anticancer Drugs. 2009;20(6):444–9.

 52. Nagaraju GP, Benton L, Bethi SR, Shoji M, El-Rayes BF. Curcumin analogs: 
their roles in pancreatic cancer growth and metastasis. Int J Cancer. 
2019;145(1):10–9.

 53. Dai X, Liu J, Zheng H, Wichmann J, Hopfner U, Sudhop S, et al. Nano-for-
mulated curcumin accelerates acute wound healing through Dkk-1-me-
diated fibroblast mobilization and MCP-1-mediated anti-inflammation. 
NPG Asia Mater. 2017;9(3):e368.

 54. Mohanty C, Sahoo SK. Curcumin and its topical formulations for wound 
healing applications. Drug Discov Today. 2017;22(10):1582–92.

 55. Sell SA, Wolfe PS, Garg K, McCool JM, Rodriguez IA, Bowlin GL. The use of 
natural polymers in tissue engineering: a focus on electrospun extracel-
lular matrix analogues. Polymers. 2010;2(4):522–53.

 56. Kong B, Wu W, Cheng T, Schlitter AM, Qian C, Bruns P, et al. A subset of 
metastatic pancreatic ductal adenocarcinomas depends quantitatively 
on oncogenic Kras/Mek/Erk-induced hyperactive mTOR signalling. Gut. 
2016;65(4):647.

 57. Skalli S, Jordan SA. Herbal and traditional medicines, now and future. In: 
Edwards IR, Lindquist M, editors. Pharmacovigilance: critique and ways 
forward. Cham: Springer International Publishing; 2017. p. 145–159.

 58. Bodeker G, Graz B. 25—Traditional medicine. In: Ryan ET, Hill DR, Solomon 
T, Aronson NE, Endy TP, editors. Hunter’s tropical medicine and emerging 
infectious diseases. 10th ed. London: Elsevier; 2020. p. 194–199.

 59. Tu Y. Artemisinin—a gift from traditional Chinese medicine to the world 
(Nobel Lecture). Angew Chem Int Ed. 2016;55(35):10210–26.

 60. Yuan H, Ma Q, Ye L, Piao G. The traditional medicine and modern medi-
cine from natural products. Molecules. 2016;21(5):559.

 61. Hussain Z, Thu HE, Amjad MW, Hussain F, Ahmed TA, Khan S. Exploring 
recent developments to improve antioxidant, anti-inflammatory and 
antimicrobial efficacy of curcumin: a review of new trends and future 
perspectives. Mater Sci Eng C. 2017;77:1316–26.

 62. Ullah F, Liang A, Rangel A, Gyengesi E, Niedermayer G, Münch G. High 
bioavailability curcumin: an anti-inflammatory and neurosupportive bio-
active nutrient for neurodegenerative diseases characterized by chronic 
neuroinflammation. Arch Toxicol. 2017;91(4):1623–34.

 63. Keihanian F, Saeidinia A, Bagheri RK, Johnston TP, Sahebkar A. Cur-
cumin, hemostasis, thrombosis, and coagulation. J Cell Physiol. 
2018;233(6):4497–511.

 64. Pulido-Moran M, Moreno-Fernandez J, Ramirez-Tortosa C, Ramirez-Tor-
tosa M. Curcumin and health. Molecules. 2016;21(3):264.

 65. Mirzaei H, Shakeri A, Rashidi B, Jalili A, Banikazemi Z, Sahebkar A. Phyto-
somal curcumin: a review of pharmacokinetic, experimental and clinical 
studies. Biomed Pharmacother. 2017;85:102–12.

 66. Baker M. Deceptive curcumin offers cautionary tale for chemists. Nature. 
2017;541(7636):144–5.

 67. Kunnumakkara AB, Anand P, Aggarwal BB. Curcumin inhibits prolif-
eration, invasion, angiogenesis and metastasis of different cancers 
through interaction with multiple cell signaling proteins. Cancer Lett. 
2008;269(2):199–225.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	Topically applicated curcumingelatin-blended nanofibrous mat inhibits pancreatic adenocarcinoma by increasing ROS production and endoplasmic reticulum stress mediated apoptosis
	Abstract 
	Background: 
	Results: 
	Conclusions: 

	Background
	Results
	Curcumin dispersion and controlled release from NMs
	Somatic toxicity of curcumingelatin NMs
	Inhibited proliferation and induced apoptosis of pancreatic cancer cell in vitro
	Bip activation and p-STAT3 inhibition
	In vivo pancreatic cancer therapy

	Discussion
	Conclusions
	Methods
	Electrospinning and cross-linking
	Nanofiber characterization
	In vitro curcumin release
	Conditioned medium preparation
	Cell cytotoxicity and viability assays
	PDAC cell culture
	Colony formation
	In vitro pancreatic cancer cell cluster killing
	Intracellular ROS measurement
	Western blot analysis
	Tumor xenograft model
	Immunohistochemistry and positive cell calculation
	Statistical analysis

	Acknowledgements
	References




