
R E S E A R C H Open Access

© The Author(s) 2024. Open Access  This article is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 
International License, which permits any non-commercial use, sharing, 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 licence, and indicate if you modified the 
licensed material. You do not have permission under this licence to share adapted material derived from this article or parts of it. The images or 
other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence 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 licence, visit http://
creativecommons.org/licenses/by-nc-nd/4.0/.

Yao et al. Journal of Nanobiotechnology          (2024) 22:657 
https://doi.org/10.1186/s12951-024-02891-w

Journal of Nanobiotechnology

*Correspondence:
Hanbing Li
hanniballee@zjut.edu.cn
Lijiang Huang
13777030956@163.com
Huaqiong Li
lihq@ucas.ac.cn

Full list of author information is available at the end of the article

Abstract
The primary issues in treating type 1 diabetes mellitus (T1DM) through the transplantation of healthy islets 
or islet β-cells are graft rejection and a lack of available donors. Currently, the majority of approaches use cell 
encapsulation technology and transplant replacement cells that can release insulin to address transplant rejection 
and donor shortages. However, existing encapsulation materials merely serve as carriers for islet cell growth. A 
new treatment approach for T1DM could be developed by creating a smart responsive material that encourages 
the formation of islet cell spheroids to replicate their 3D connections in vivo and controls the release of insulin 
aggregates. In this study, we used microfluidics to create thermally sensitive porous scaffolds made of poly(N-
isopropyl acrylamide)/graphene oxide (PNIPAM/GO). The material was carefully shrunk under near-infrared light, 
enriched with mouse insulinoma pancreatic β cells (β-TC-6 cells), encapsulated, and cultivated to form 3D cell 
spheroids. The controlled contraction of the thermally responsive porous scaffold regulated insulin release from the 
spheroids, demonstrated using the glucose-stimulated insulin release assay (GSIS), enzyme-linked immunosorbent 
assay (ELISA), and immunofluorescence assay. Eventually, implantation of the spheroids into C57BL/6 N diabetic 
mice enhanced the therapeutic effect, potentially offering a novel approach to the management of T1DM.
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Introduction
T1DM is an autoimmune disease caused by T-cell attacks 
on insulin-producing β-cells, reducing endogenous 
β-cell numbers and function [1]. The primary treatment 
for T1DM remains the administration of insulin and its 
analogues. This approach requires long-term injections 
of exogenous insulin, causing discomfort and inconve-
nience, as well as continuous blood glucose monitoring 
[2]. As T1DM, unlike type 2 diabetes (T2DM), is charac-
terized by an absolute decline in the number of function-
ing β-cells, the regeneration and replacement of β-cells 
are of greater importance [3]. Transplantation studies 
in T1DM patients indicate that regenerating functional 
β-cell clusters can restore normoglycemia. Unlike insulin 
injections, which pose a risk of hypoglycemia, cell ther-
apy is not harmful. However, the main challenge for cell 
therapy is the shortage of allogeneic transplant donors 
and graft inefficiency [4, 5]. Primary cultured pancreatic 
islets were predominantly used for islet transplantation 
but faced extreme donor shortages and complex islet 

isolation techniques, making clinical demand difficult to 
meet [6]. β-TC-6 cells exhibit good glucose responsive-
ness and insulin secretion capabilities, and they are easy 
to culture [7–9]. Therefore, we decided to investigate this 
cell line further. Furthermore, immune graft rejection, 
resulting in failed donor grafts, is a major issue in mod-
ern transplantation. Immunosuppressive medications 
are typically required during transplantation, increas-
ing the risk of infections and other disorders by lowering 
immune function [10]. To mitigate the hazards associated 
with transplanted cells, microencapsulation technology 
can be used to encapsulate liquids, gases, or solids in a 
film, forming spherical microcapsules. This allows for the 
immunological isolation of allogeneic cells, avoiding host 
immune rejection [11, 12]. Using this technique, insulin-
producing cells can thrive without immunosuppressive 
drugs. Bloch et al. proposed that cell microencapsula-
tion could eliminate potentially harmful factors associ-
ated with direct cell xenografting, such as free radicals, 
cytokines, hypoxia, malnutrition, and specific cytotoxic 
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microenvironments formed during disease progression 
(e.g., glycotoxicity and lipotoxicity in diabetic patients) 
[7]. This method creates a physical barrier between the 
cells and the immune system. The barrier is selectively 
permeable, allowing smaller molecules like glucose, 
amino acids, oxygen, and nutrients to pass through while 
metabolic waste products are released. This limits the 
entry of immune cells and mediators, ensuring healthy 
engraftment and function of the islet β-cells [13, 14].

There are many methods for encapsulating cells via 
tissue engineering, and selecting a biomaterial that sup-
ports the development of islet β-cells is crucial. Firstly, it 
must act as a physical barrier. It has been reported that 
islet β-cells can grow in vivo as cell spheroids [15, 16]. 
We often choose substrates conducive to the produc-
tion of 3D cell spheroids by these cells, as soft substrates 
stimulate the generation of islet β-cell spheroids [17, 18]. 
Additionally, the material must be biocompatible. Several 
commonly used scaffold materials, such as synthetic and 
natural materials like decellularized extracellular matrix 
hydrogels [19], alginate/methylcellulose hydrogel blends 
[20], polylactic acid polymer encapsulation systems [21], 
and polyethylene glycol hydrogel macrodevices [22], 
do not alter their structural morphology under tunable 
conditions. This suggests they only act as substrates for 
cell development and have no other functions. Tradi-
tional scaffolds for islet β-cell spheroid culture degrade 
too easily and can only serve as static carrier materials. 
Graphene oxide (GO) is an efficient photothermal con-
version carbon-based nanomaterial [23] that can absorb 
near-infrared (NIR) laser energy to supply thermal 
energy for thermosensitive materials like poly(N-isopro-
pylacrylamide) (PNIPAM). PNIPAM exhibits thermal 
responsiveness with regulated contraction and is soft 
enough to promote the creation of multicellular spherical 
structures of pancreatic β-cells [24, 25]. Capitano et al. 
demonstrated that elevating body temperature can delay 
or even prevent the onset of T1DM in non-obese dia-
betic (NOD) mice [26]. As safe and effective solutions are 
required to prevent and treat T1DM in humans, main-
taining body temperature within physiological limits 
may be a viable option for future treatment [27]. Cherry’s 
team found in 2000 and 2003 that intermittent radia-
tion warming stimulated fibroblast growth in vitro and 
that intermittent radiation heating accelerated the pro-
liferation of microvascular dermal endothelial cells [28, 
29]. Transient Receptor Potential Vanilloid Receptor 2 
(TRPV2), a sensor of thermal stimuli, has been reported 
to be activated by repeated acute thermal stress, thereby 
promoting angiogenesis and cell proliferation in esopha-
geal squamous cell carcinoma (ESCC) [30]. The evidence 
suggests that the photothermal effect modulated by the 
NIR light contributes to subsequent cell proliferation. 
Inspired by the advantages of GO and PNIPAM, we 

anticipate creating a framework with a microscopic pore 
size structure and dynamic stimulus response properties 
that can be used to build islet 3D cell spheroids and regu-
late molecular transport.

Here, we used microfluidics to create a porous scaffold 
made of PNIPAM-GO that responds to temperature by 
stacking microspheres generated in an oil-in-water sys-
tem. The thermoresponsive shrinkage of the porous scaf-
fold enables the development of cell spheroids through 
several cycles of gentle contraction, and PNIPAM, as a 
soft matrix, also stimulates the formation of islet β-cell 
spheroids [25, 31]. Specifically, the PNIPAM-GO porous 
scaffold is biocompatible and resistant to degradation. 
The 808  nm NIR light can be used to regulate the con-
traction of the scaffold to promote the production of islet 
β-cell spheroids and to regulate the release of insulin 
when the scaffold is used as a carrier for insulin encap-
sulation. Furthermore, we found that individuals with 
diabetes had down-regulated TRPV2 expression based 
on our analysis of differentially expressed genes using 
the GEO Big Data platform. It was also demonstrated 
that the pathway regulated by the differentially expressed 
genes was strongly associated with thermogenesis, sug-
gesting the possibility of a novel diabetic treatment called 
thermotherapy. Based on our design, we used a thermally 
sensitive porous scaffold to grow mouse insulinoma pan-
creatic β cell (β-TC-6 cell) spheroids in culture, and then 
transplanted these spheroids subcutaneously in the abdo-
mens of C57BL/6  N diabetic mice, where they secrete 
insulin in response to in vivo hyperglycemia induced by 
NIR light radiation (Scheme 1). The subcutaneous space 
is a highly desirable site for implantation due to the feasi-
bility of subcutaneous grafting techniques, the availabil-
ity of monitoring, the ability to hold large tissue bulk, and 
its minimally invasive properties [32, 33]. Unfortunately, 
limited vascularization hinders optimal implantation and 
induces extensive islet cell necrosis. Relevant research 
indicates that GO promotes angiogenesis mainly by pro-
moting the secretion of VEGF from wound cells, which 
enhances the vascularization of whole skin defect wounds 
[34, 35]. Given the benefits mentioned above, pancre-
atic islet cell spheroids can be made to perform normal 
functions in mice for a long time. In addition, because 
the PNIPAM material is not easily destroyed [36], the 
cell spheroids it encapsulates can function for extended 
periods with an adequate subcutaneous blood supply, 
allowing them to remain in vivo for a long time. Signifi-
cantly, NIR can regulate the accumulation and release of 
insulin stored within the scaffold in response to hypergly-
cemia in mice. This is achieved by varying the intensity 
and duration of the NIR light applied to the transplanted 
islet cell spheroids. In our work, we observed that four 
cycles of NIR light irradiation at a power of 1.5  W/cm2 
were beneficial in regulating insulin secretion. This novel 
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design shows promise in the treatment of T1DM due to 
the thermal-responsive features of the bionic PNIPAM-
GO porous scaffold, its resistance to rapid degradation, 
and the intelligent responsive release of NIR-triggered 
insulin, allowing for the long-term presence of trans-
planted cell spheroids in vivo.

Materials and methods
Materials
N,N′-methylenebisacrylamide (Bis), poly(ethylene 
glycol)-block-poly(propylene glycol)-block-poly(ethylene 
glycol) (PEG-PPG-PEG, F108), potassium bromide 
(KBr), 2-hydroxy-2-methyl-1-phenylacetone (HMPP) 
and poly(ethylene glycol) diacrylate (PEGDA) were all 
acquired from Sigma-Aldrich Co., Ltd., USA. N-Isopro-
pylacrylamide (NIPAM, 98%) was purchased from Mack-
lin, Shanghai, China. N-Methylol acrylamide (NMAM) 
was purchased from Aladdin Industrial Corporation, 
Shanghai, China. Sodium dodecyl sulfate (SDS) was 
obtained from Thermo Fisher Scientific Technology Co., 
Ltd, China. Aqueous graphene oxide (GO) was acquired 
from Nanjing XFNANO Materials Tech Co., Ltd., China. 

50 cs viscosity methyl silicone oil was purchased from 
Shin-Etsu Chemical Co., Ltd., China. Mouse insuli-
noma pancreatic β-cells (β-TC-6) were purchased from 
Shanghai Fu Heng Biotechnology Co., Ltd., China. Fetal 
bovine serum (FBS), Dulbecco’s Modified Eagle Medium 
(DMEM, high sugar), and trypsin with EDTA were 
acquired from Gibco, USA. Calcein AM and 4’,6-diamid-
ino-2-phenylindole (DAPI) solution were obtained from 
Solarbio Technology Co., Ltd., China. Cell Counting 
Kit-8 (CCK-8) was purchased from Beyotime Biotechnol-
ogy Co., Ltd., China. Bcl-2 and Bax antibody were pur-
chased from Cell Signaling Technology Co., Ltd., USA.

Synthesis of PNIPAM-GO thermoresponsive porous 
scaffold construction of a microfluidic device
A capillary glass tube with an initial inner diameter of 
580 μm was narrowed at one end using a tube puller and 
further refined to approximately 60  μm using sandpa-
per, serving as the inner phase flow device. A capillary 
glass tube with an initial inner diameter of 580 μm was 
employed as the outer phase flow device. AB glue was 

Scheme 1  Methodical depiction of the entire procedure, including the production of a PNIPAM-GO thermally responsive porous scaffold, the generation 
of β-TC-6 cell spheroids, and the administration of regulated insulin to diabetic mice. (a) Synthesis procedure for the PNIPAM-GO thermally responsive 
porous scaffolds. (b) Formation process of β-TC-6 cell spheroids. (c) Controlled release of insulin from diabetic mice implanted with β-TC-6 cell spheroids
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then applied to affix a yellow needle to the slide at the 
entrances of both the inner and outer phases.

Preparation of monodisperse microspheres
The inner capillary phase contained methicone oil with 
a viscosity of 50 cs, while the outer phase comprised a 
mixture of NIPAM (15 wt%), GO (1  mg/mL), NMAM 
(1/10 of NIPAM mass ratio), SDS (2 wt%), F108 (2 wt%), 
HMPP (1% v/v), PEGDA (2% v/v), and Bis (1 wt%). Before 
use, the mixture was sonicated for 30  min and stirred 
for approximately an hour using a magnetic stirrer. Flow 
rates were set at 1 mL/h for the inner phase and 10 mL/h 
for the outer phase. The inner phase pump was initiated 
first, followed by the outer phase pump. Upon micro-
spheres exiting the outer phase, a 2 mL centrifuge tube 
was used to collect the monodisperse microspheres.

Porous scaffold formation
After self-assembling into a regular cylindrical structure 
stacked in layers, the scaffold was exposed to ultraviolet 
(UV) light for approximately 20 s to cure. To create the 
PNIPAM-GO thermally responsive porous scaffold, 
the scaffold was rinsed with hexane five to six times to 
remove residual oil phase.

Block hydrogel formation
Block PNIPAM/GO hydrogels were synthesized by col-
lecting an aqueous phase mixture of NIPAM (15 wt%), 
GO (1  mg/mL), NMAM (1/10 of NIPAM mass ratio), 
SDS (2 wt%), F108 (2 wt %), HMPP (1% v/v), PEGDA (2% 
v/v), and Bis (1 wt%) using a 2 mL centrifuge tube and 
curing it with UV light for 20 s.

Characterizations of scaffold
Optical microscope
A 5X magnification photo was taken.

Scanning electron microscopy (SEM)
After applying gold spray to the scaffold’s surface, its 
surface morphology was examined using field emis-
sion scanning electron microscopy (FE-SEM, SU8010). 
The scaffold was placed on conductive adhesive for 
observation.

Fourier transform infrared (FT-IR) spectroscopy
The NIPAM monomer, GO, and PNIPAM-GO porous 
scaffold were dried, ground into powder, and pressed 
with KBr in TR mode. PEGDA was employed in the liq-
uid film process in ATR mode. The FT-IR spectra were 
scanned at wavelengths of 4000 and 400 cm− 1.

Porosity
The replacement method [37–39] was used to assess 
porosity. The freeze-dried scaffold was initially weighed 

and recorded as m1. Then, 4 mL of anhydrous ethanol 
was added, and the initial weights of the ethanol and 
sample were recorded as W1. After soaking for 24 to 48 h 
at room temperature, the scaffold was removed, and its 
wet weight was measured as m2. The amount of etha-
nol remaining in the sample was measured as W2. The 
porosity percentage was calculated using the formula: 
Porosity% = (m2 - m1)/(W1 - W2). Three parallel sam-
ples were measured for each sample type.

Degradation ratio
Prepared scaffolds of 3 mm thickness and 10 mm diame-
ter were collected in 2 mL centrifuge tubes, cleaned with 
phosphate buffered saline (PBS, Livinin), and weighed 
and recorded as W0 after being immersed in PBS buffer 
for 24 h to establish swelling equilibrium. Subsequently, 
the scaffolds were submerged in PBS solution for 1, 4, 
7, 14, and 28 days. After removal, the surface water was 
blotted using filter paper, weighed, and recorded as Wd. 
Three batches of scaffolds were tested in triplicate. The 
degradation ratio (D) was calculated using the formula: D 
= (W0 - Wd)/W0 × 100%. D stands for degradation ratio, 
W0 for weight prior to degradation, and Wd for weight 
following degradation.

Mechanical properties
The pre-cut scaffold was shaped into cylinders with a 
1 cm diameter and 2 mm thickness. During testing, sam-
ples were secured onto a metal receiver and evaluated for 
compression characteristics using an electronic universal 
material testing machine (INSTRON 5944). The scaffolds’ 
elastic modulus was determined at a speed of 2 mm/min. 
Each scaffold underwent three sets of parallel tests.

Photothermal analysis and thermal responsiveness 
shrinkage performance analysis
Photothermal properties
The photothermal properties of various hydrogel scaffold 
groups were assessed under 1.5 W/cm2 NIR light inten-
sity. Thermography (FLIR) was used to measure tempera-
ture changes in the PNIPAM-GO porous scaffold under 
NIR irradiation at different intensities and durations.

Thermal-responsive shrinkage property
Thermography was employed to measure the volume 
shrinkage of the PNIPAM-GO porous scaffold at thresh-
olds of 20 ℃ and 40 ℃.

Determination of the lower critical solution temperature 
(LCST)
Analysis of swelling performance
Porous scaffolds were fabricated using various ratios of 
NMAM and NIPAM. After freeze-drying, the scaffolds 
were weighed and recorded as W0. Subsequently, the 
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scaffolds were dissolved in PBS solution. (a) The mass 
changes resulting from different ratios of NMAM hydro-
philic groups were individually noted. The weight (Wt) of 
the scaffolds was measured and recorded over time. After 
each measurement, excess surface water was removed 
with filter paper. Each group of scaffolds was tested in 
triplicate. The swelling ratio (St) was calculated using 
the formula: St = (Wt - W0)/W0 * 100%. (b) Once equi-
librium dissolution was achieved, mass variations due to 
temperature were noted for different NMAM hydrophilic 
group ratios and reported as WT. The swelling ratio (ST) 
at various swelling temperatures was calculated using the 
formula: ST = (WT - W0)/W0 * 100% [40].

Analysis using differential scanning calorimetry (DSC)
To calculate the LCST [41, 42], PNIPAM was dissolved in 
a 15 wt% aqueous solution. The test procedure was as fol-
lows: The temperature was initially reduced from room 
temperature to 20 ℃ at a cooling rate of 2 ℃/min and 
held for 5  min. Subsequently, it was increased to 45 ℃ 
at a heating rate of 2 ℃/min and maintained for 5 min. 
Finally, the temperature was decreased again to 20 ℃ at a 
cooling rate of 2 ℃/min.

Cell culture of β-TC-6 islet cells and formation of spheroids
β-TC-6 islet cells were cultured in DMEM medium 
supplemented with 15% FBS at 37  °C with 5% CO2 in a 
Thermo Fisher Scientific incubator. PNIPAM-GO porous 
scaffolds (3  mm thick, 10  mm diameter) were steril-
ized under UV light for over 4 h, followed by sequential 
washes with 75% ethanol (twice), 50% ethanol (twice), 
PBS (four times), and DMEM (once or twice). To con-
struct β-TC-6 islet cell spheroids, each scaffold was 
coated with 50 µL of cell suspension at a density of 2 × 106 
cells/mL, followed by slow addition of 400 µL of cul-
ture media. After cell seeding, scaffolds underwent five 
cycles of NIR radiation at 1.25  W/cm2, each cycle last-
ing approximately 60  s with 60-second intervals. The 
medium was refreshed daily with 250 µL, maintaining a 
total culture volume of 450 µL. After spheroid formation, 
cells were stained with 5 µM Calcein AM and 5  µg/mL 
DAPI for observation.

Quantitative real-time PCR (qPCR) assay
The steps of quantitative real-time PCR were as previ-
ously described [43]. All primer information is listed in 
Tab. S1.

In vitro cytocompatibility assays
Extraction of scaffold leachate
The sterilized scaffold was immersed in 1.256 mL of 
DMEM medium and placed in the incubator at 37 ℃ for 
48 h. Subsequently, the leachate was collected and stored 
at 4 ℃.

Cytotoxicity assay
Cells were seeded in 96-well plates and incubated for 
1 day before replacing the medium with scaffold leachate 
every 2 days. Cytotoxicity was assessed on days 1, 3, 5, 
and 7 using the enhanced CCK-8 kit, and absorbance at 
450 nm was measured with a microplate reader.

In vitro insulin secretion function assays
Enzyme-linked immunosorbent assay (ELISA)
Sample Preparation  For the in vitro insulin secretion 
assay, β-TC-6 cells were digested and seeded in 24-well 
culture plates at a density of 100,000 cells per well. The 
plates were then incubated at 37 ℃ in a 5% CO2 incubator 
for 48 h. The cells were washed 2–3 times with PBS buffer 
followed by 2–3 washes with 1 mL of sugar-free Krebs-
Ringer Bicarbonate HEPES (KRBH, JingKeHuaXue) buffer 
containing 0.1% Bovine Serum Albumin (BSA, Biosharp). 
After incubating at 37 ℃ in a 5% CO2 incubator for 1 h, 
each well was exposed to 500 µL of either 1.38 mM or 11.1 
mM glucose solution for 30 min, according to experimen-
tal conditions. NIR light irradiation at 1.5  W/cm2 was 
applied for 4 cycles (30 s per cycle with a 60-second inter-
val, reaching a maximum temperature of approximately 
41 ℃). Supernatants were collected from the experimen-
tal group after NIR illumination and directly from the 
control group. For determination of insulin secretion in 
vivo, mouse plasma samples were obtained, and whole 
blood was anticoagulated with heparin or EDTA, mixed, 
and kept on ice. Plasma was collected by centrifugation 
at 4 ℃ at 1000–2000 g for 10 min to obtain the yellow or 
light yellow supernatant.

Insulin measurement  Insulin levels in the supernatant 
or blood were quantified using a Mouse Insulin ELISA Kit 
(Ultrasensitive, Beyotime). Following the manufacturer’s 
protocol, the test sample, enzyme-labeled antibody, color 
development solution, and termination solution were 
sequentially added to a 96-well plate. After completing 
the final mixing step, A450 values were measured using a 
microplate reader.

Fluorescence immunoassay
To visualize the distribution of residual insulin in the 
porous scaffold following insulin secretion, samples were 
fixed in 4% paraformaldehyde for 30  min and washed 
three times with PBS for 5  min each. Subsequently, 
samples were permeabilized with 0.1% Triton X-100 for 
15 min and washed three times with PBS for 5 min each. 
Samples were then blocked with 5% BSA for 1 h, followed 
by aspiration of residual BSA. Rabbit anti-insulin primary 
antibody (C27C9) (1:100) was added and incubated over-
night at 4 ℃, followed by washing three times with PBS 
for 5  min each. Samples were then incubated with goat 
anti-rabbit secondary antibody (1:100) for 1  h at room 
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temperature in the dark, followed by four washes with 
PBS. Finally, ready-to-use DAPI was added, incubated 
for 10 min at room temperature in the dark, and washed 
three times with PBS. The treated samples were imaged 
using a confocal microscope.

In vivo biosafety evaluation
The Ethics Committee of the Wenzhou Institute of the 
Chinese Academy of Sciences approved the use of animal 
experimentation (WIUCAS 20033115, 20200331). For 
this study, 40 C57BL/6 N male mice were used in 4-week 
in vivo safety studies, during which their well-being and 
survival were carefully monitored.

General physical indicators
We employed a photographic recording method using a 
smartphone camera app to document the weight, activity, 
and wound healing progress of mice over several weeks.

Serum biochemical indicators
Aspartate aminotransferase (AST), alanine aminotrans-
ferase (ALT), blood urea nitrogen (BUN), creatinine 
(CR), tumor necrosis factor-α (TNF-α), and interleukin-4 
(IL-4) inflammatory factors were quantified using respec-
tive assay kits, and their levels were determined using a 
microplate reader.

Organ morphological changes
Major mouse organs including the heart, liver, spleen, 
and lung were excised, fixed in 4% formaldehyde for 24 h, 
sectioned into frozen slices, and stained with Hematoxy-
lin-Eosin (HE). Light microscopy was used to observe the 
stained sections and capture images.

In vivo evaluation of treatment effects in diabetic mice
Procedures for inducing diabetes in mice
Preparation of sodium citrate buffer: A 0.1 M solution 
of sodium citrate and 0.1 M citric acid were mixed in a 
ratio of 28:22 to achieve a final pH of 4.2–4.5 (approxi-
mately 4.4). The solution was then filtered using a 
0.22  μm needle filter (Thermo Scientific) to remove 
bacteria.

Modeling and confirmation process  We weighed 20 mg 
of streptozotocin (STZ) and prepared a buffer at a concen-
tration of 5 mg/mL. The cooled buffer was added to STZ, 
vortexed until clarified, and injected intraperitoneally at 
10 µL/g. Control mice received an equivalent volume of 
buffer. Injections were administered daily for 5 consecu-
tive days, and fasting blood glucose levels were measured 
7 days after the final injection. Successful modeling was 
defined as achieving fasting blood glucose levels exceed-
ing 250 mg/dL.

Intraperitoneal glucose tolerance test (IPGTT)
Mice were fasted overnight and then injected intraperi-
toneally with a glucose solution (2  g/kg body weight) 
the following day. Blood glucose levels were monitored 
at regular intervals (0, 30, 60, 90, and 120  min) after 
injection.

Evaluation of treatment effects
We evaluated the therapeutic effects of β-TC-6 cell spher-
oid transplantation in diabetic mice based on changes in 
blood glucose and body weight. To detect insulin secre-
tion in mice post in vivo transplantation, we removed 
the skin at the transplant site, sectioned the subcutane-
ous tissue (including blood vessels) into paraffin tissue 
sections, performed antigen retrieval using a microwave 
repair method, and followed the remaining steps of the 
insulin detection procedure similar to the aforemen-
tioned in vitro immunofluorescence detection method. 
Goat anti-Rabbit IgG (H + L) Highly Cross-Adsorbed 
Secondary Antibody (Alexa Fluor Plus 594, Thermo-
Fisher) was used for direct detection of the CD31 index, a 
marker of angiogenic proliferation at the graft sites.

Bioinformatics analysis
We utilized the GSE29221 dataset from the GEO data-
base (https://www.ncbi.nlm.nih.gov/geo/) in MINiML 
format. mRNA differential expression was assessed 
using the limma package in R software (version 3.40.2). 
Adjusted P values were calculated in GEO to correct for 
false positives, with “Adjusted P < 0.05 and |log2 (fold 
change)| > 1” as the threshold for differential expres-
sion screening. For functional enrichment analysis, 
gene ontology (GO) was employed to annotate genes 
by molecular functions (MF), biological pathways (BP), 
and cellular components (CC). KEGG pathway analysis 
provided insights into gene functions and higher-level 
genomic functional information. Genes associated with 
thermogenesis were retrieved from the Genecards data-
base (https://www.genecards.org/). Venn diagrams and 
heatmaps were generated using https://www.bioinfor-
matics.com.cn (last accessed on 20 Feb 2024), an online 
platform for data analysis and visualization.

Statistical analysis
Each experiment was conducted at least three times, and 
statistical analyses were performed using Graphpad Prim 
8 software. For the comparison of two groups, statistical 
analysis was performed using Student’s t-test. Addition-
ally, one-way or two-way ANOVA was performed using 
Bonferroni’s multiple comparison test to compare more 
than two groups. Statistical significance was defined as 
p ≤ 0.05, with *indicating p ≤ 0.05,** indicating p ≤ 0.01, 
*** indicating p ≤ 0.001 and **** indicating p ≤ 0.0001; “ns” 
denotes no statistically significant difference.

https://www.ncbi.nlm.nih.gov/geo/
https://www.genecards.org/
https://www.bioinformatics.com.cn
https://www.bioinformatics.com.cn
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Results and discussion
Synthesis and characterization of PNIPAM-GO porous 
scaffolds
Figure  1A depicts the overall processes for synthesizing 
the PNIPAM-GO porous scaffold. To create the dense 
stack of oil-in-water microspheres depicted in Fig.  1B, 
methyl silicone oil with a viscosity of 50 cs served as 
the oil phase, while the mixed solution of NIPAM, GO, 
and PEGDA was employed as the aqueous phase. The 

mixture underwent UV curing, and the oil phase was 
subsequently removed using hexane to produce the 
porous scaffold (Fig. 1C). The scaffold exhibited a porous 
structure with uniformly sized pores around 200  μm 
and a regular arrangement. After dehydration and 
lyophilization, we examined the porous scaffolds under 
SEM, revealing interoperable small pores with dimen-
sions in the tens of micrometers range (Fig.  1D and E). 
These scaffolds exhibited uniformly sized surface pore 

Fig. 1  Characterization of the PNIPAM-GO porous scaffold. (A) Diagram illustrating the manufacturing process. (B) Light microscopy image showing 
the oil-in-water microspheres produced by the microfluidic device. (C) Light microscopy image. (D) Scanning electron microscopy (SEM) image. (E) SEM 
image showing local magnification of a single pore. (F) SEM image showing the PNIPAM-GO bulk hydrogel. (G) Fourier transform infrared spectroscopy 
analysis. (H) Porosity assessment. (I, J) Mechanical properties testing. Mean ± SD (n = 3). (***: p < 0.001, ns: non-significant). Scale bar, 100 μm (B, C, D, E, F)
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structures and interconnected micropore networks, 
facilitating the transport of cellular oxygen and nutrients, 
which is beneficial for the growth of islet cells [44–46]. 
In contrast, the block PNIPAM/GO hydrogel exhibited 
irregular pore sizes and shapes (Fig. 1F). The PNIPAM-
GO FT-IR spectra are depicted in Fig. 1G, where PEGDA 
was found to facilitate the cross-linking of NIPAM [47]. 
The = C-H peaks of NIPAM and PEGDA are situated 
between 3000 and 2800 cm− 1. The porous scaffold con-
stitutes a PNIPAM-GO complex, indicating polymeriza-
tion of the NIPAM monomer into PNIPAM, as evidenced 
by the significant weakening of the = C-H hydrogen 
absorption peak at 3000  cm− 1, the -C = O stretching 
vibration absorption peaks of NIPAM at approximately 
1650 –1630  cm− 1, and the C = C double bond [48, 49]. 
Figure  1H illustrates the porosity of the PNIPAM-GO 
scaffold estimated at approximately 70%, significantly 
higher than the block gel scaffold’s porosity of 40% 
(p < 0.001). The latter scaffold exhibited superior pen-
etration, thereby enhancing nutrient and oxygen transfer 
to the cells and promoting their survival [50]. Figure  1I 
and J depict the mechanical characteristics of the scaf-
folds. The Young’s modulus of the porous and bulk scaf-
folds showed no significant difference, measuring 12.31 
KPa and 12.67 KPa respectively, indicating that the syn-
thesized porous scaffolds retain mechanical properties 
comparable to those of the bulk scaffolds. Additionally, 
PNIPAM, known for its soft matrix, was found to facili-
tate the development of islet cell spheroids with a Young’s 
modulus of approximately 10 KPa [18]. Considering the 
results of scaffold degradation in PBS, DMEM, and simu-
lated body fluids (SBF) (Fig. S1), the overall degradation 
rate of this photothermal material does not exceed 5% for 
both porous and block scaffolds. These findings suggest 
that the PNIPAM/GO scaffolds exhibit a low degradation 
rate, which is beneficial for the long-term therapeutic 
efficacy of islet cell spheroids.

Thermo-responsitive shrinkage performance and 
photothermal efficiency
Figure 2A and B present the findings of the PNIPAM-GO 
thermally responsive porous scaffold for various power 
variations over time in photothermal maps. At ambi-
ent temperature, NIR light power below 1.25  W/cm2 
results in a temperature below 35 °C within 3 min. With 
NIR power set to 1.25  W/cm2, the temperature reaches 
40 °C within 3 min. Increasing the NIR power to 1.5 W/
cm2 achieves temperatures of 40 °C within 30 s and 50 °C 
within 3 min. Figure 2C and D display the photothermal 
performance results of the PNIPAM-GO scaffold com-
pared to the control groups: PEGDA-GO scaffold without 
NIPAM and PNIPAM scaffold without GO, over time. 
Observations show that the PNIPAM scaffold’s tempera-
ture remained stable at room temperature, whereas the 

PEGDA-GO scaffold did not reach 40 °C within 3 min. In 
contrast, the PNIPAM-GO scaffold reached 40 °C within 
30 s. In conclusion, these findings demonstrate that GO 
serves as the primary scaffold for photothermal perfor-
mance, and PNIPAM-GO enhances GO’s photothermal 
performance. Figure  2E and F depict a thermally sensi-
tive porous scaffold using PNIPAM-GO as the primary 
hybrid system, exposed to NIR radiation at a power of 
1.5 W/cm2. Figure 2G and H show the scaffold shrinking 
from a diameter of 1 cm to 0.55 cm, at a shrinkage rate of 
approximately 45%, due to the temperature increase (20–
40 °C). Movie S1 depicts the contraction process.

Characterization of low critical volume phase transition 
temperature
Swelling performance tests [51] and differential scan-
ning thermal (DSC) [52] were conducted to evaluate the 
thermal responsiveness of PNIPAM-GO porous scaf-
folds below their lower critical solution temperature 
(LCST). A hydrophilic group known as N-Hydroxymeth-
ylacrylamide (NMAM) [53] can modify the scaffold’s 
LCST. Figure  3A shows that the scaffold’s swelling ratio 
increases linearly from 2  min to 30  min upon addition 
of different ratios of NMAM (NMAM = 0, 1:10, 1:5, 1:2) 
over a 24-hour period. Due to the porous structure of the 
scaffold, it can absorb water and rapidly expand to reach 
swelling equilibrium. Figure  3C demonstrates that the 
addition of NMAM hydrophilic groups at various ratios 
enhances the final swelling ratio. According to the phase 
transition theory of hydrogels [54, 55], hydrogels are sol-
uble in water below the LCST because hydrogen bonds 
form between water molecules and hydrophilic groups. 
However, with increasing temperature, hydrogen bond-
ing decreases while hydrophobic interactions increase, 
leading to molecular chain contraction and gel formation 
due to physical entanglement. The maximum hydrogen 
bonding of hydrogels occurs as temperature decreases, 
approximated by the DSC melting endothermic peak 
(i.e., TDSC, peak), which corresponds to the scaffold’s LCST. 
Therefore, DSC measurements can estimate the LCST 
of hydrogels, consistent with prior research [52, 54, 55]. 
Figure  3B shows the results of temperature-dependent 
swelling performance tests with different NMAM ratios 
added to the scaffold, revealing that the swelling ratio 
of pure PNIPAM declines sharply at around 32 °C, indi-
cating its LCST is approximately 32  °C. The LCSTs of 
NMAM: NIPAM = 1:2, 1:5, and 1:10 are approximately 
45  °C, 42  °C, and 40  °C, respectively. Therefore, these 
results suggest that NMAM can be added to the scaffold 
to increase its LCST. Thus, we selected NMAM = 1:10 for 
subsequent spheroid formation and insulin-controlled 
release experiments because it met the following crite-
ria: (a) a temperature environment slightly above body 
temperature (around 40  °C) and (b) reduced scaffold 
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shrinkage with the addition of NMAM [53]. Based on 
our findings (Fig.  3B) and published work, the LCST 
of pure PNIPAM is approximately 32  °C [56–58]. Fig-
ure 3D shows that adding NMAM to the porous scaffold 
increases the LCST to 40.8 °C at NMAM = 1:10.

Spheroids encapsulation
In this investigation, the cytocompatibility of the fab-
ricated scaffolds was assessed by culturing β-TC-6 cells 
in porous scaffolds immersed for 48 h without NIR light 

irradiation or with NIR light irradiation for 5 cycles 
(Fig.  4A). A CCK-8 assay was used to assess cytotoxic-
ity on days 1, 3, 5, and 7 (Fig. 4B). The findings suggested 
that the PNIPAM-GO porous scaffold can be used to 
encapsulate β-TC-6 cells, as there was no significant dif-
ference between the NIR-irradiated and non-irradiated 
scaffolds on days 1, 3, 5, and 7 compared to the control 
group. NIR light has been reported to control the con-
traction of thermally responsive scaffolds and thereby 
stimulate the production of cell spheroids [31, 59]. When 

Fig. 2  Photothermal characterization and thermal responsiveness characterization of porous scaffolds using PNIPAM and GO as the main hybrid system. 
(A) Photothermal representation of NIR laser irradiation with varying power over time. (B) Data presentation for A. (C) Photothermal plots of PNIPAM-GO 
mixed group, PEGDA-GO group, and PNIPAM group scaffolds under constant NIR irradiation (1.5 W/cm2, 0–180 s). (D) Data presentation for C. Photother-
mal map of PNIPAM-GO mixed scaffold at (E) 20 ℃ and (F) 40 ℃. Volume size changes at (G) 20 ℃ and (H) 40 ℃. Mean ± SD (n = 3)
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the scaffold shrinks, the cells can uniformly press into 
the pores while the culture medium is expelled, which is 
analogous to natural fish predation. This process encour-
ages the development of cell spheroids by facilitating cell 
aggregation in the pores. We investigated the principle 
of cell spheroid creation by varying the number of NIR 
irradiation cycles and days, as illustrated in Fig. 4C. The 
results for the pattern of NIR light irradiation cycles on 
cell spheroid creation, as shown in Fig. S2, revealed that 
5 cycles of NIR irradiation can be used to encapsulate 
the cells and create cell spheroids. According to confocal 
image analysis, as shown in Fig. 4D and E, cells began to 
form spheroids on days 1 and 4 following 5 cycles of NIR 
irradiation, though the spheroids were less concentrated. 
In contrast, on days 7 and 14, as depicted in Fig. 4F and 

G, the cells formed dense clusters resembling islet-like 
cell spheroids [60] after 5 cycles of NIR light irradiation. 
Fig. S3 depicts the 3D structure of the cell spheroids as 
captured by confocal microscopy. Therefore, it was mor-
phologically determined that the cell spheroids cultivated 
for less than 7 days in PNIPAM-GO thermo-responsive 
porous scaffolds can be utilized for further investigation. 
In addition, we performed quantitative cellular analysis of 
mouse islet cell spheroids, and their growth trends were 
consistent with the immunofluorescence results (Fig. S4).

Glucose-stimulated insulin release
This study employed β-TC-6 cell spheroids to investi-
gate glucose-stimulated insulin release (GSIS) and exam-
ined the impact of a thermo-responsive porous scaffold 

Fig. 3  The characterization of LCST includes the swelling performance test and DSC analysis of the scaffold (NIPAM and NMAM as the main hybrid sys-
tem). (A) Swelling property variations over time for various NMAM ratios added to NIPAM scaffolds. (B) Swelling property variations with temperature for 
various NMAM ratios added to NIPAM scaffolds to determine LCST. Red arrows indicate the LCST values for different NMAM proportions. (C) Maximum 
swelling ratio for various NMAM ratios added to NIPAM scaffolds. Mean ± SD (n = 3). (*: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001). (D) DSC charac-
terization of LCST values for PNIPAM solutions with NMAM : NIPAM = 1:10
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Fig. 4  β-TC-6 cell spheroid encapsulation. (A) Time (t) vs. temperature (T) plot during 5 cycles of NIR illumination. (B) Cytotoxicity experiments on days 1, 
3, 5, and 7 for groups exposed to and not exposed to NIR radiation. (C) Illustration of the formation pattern of β-TC-6 cell spheroids with varying numbers 
of cycles and days of NIR irradiation. Confocal images of β-TC-6 cells on days (D) 1, (E) 3, (F) 5 and (G) 7 following 5 cycles of NIR irradiation with Calcein, 
AM (green), and DAPI (blue). Mean ± SD (n = 4). (ns: non-significant). Scale bar, 100 μm in (D, E, F, G)
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composed of PNIPAM-GO on regulated insulin release. 
PNIPAM is known to be a thermally sensitive shrinking 
material, releasing the loaded drug by rapid contraction 
when the temperature exceeds the LCST of the scaf-
fold, while passive diffusion is the primary mechanism 
when the temperature is below the LCST. When the 
temperature approaches the LCST, the drug is trapped 
within the scaffold, preventing its release. Thus, insulin 

can be delivered using NIR light to control its release 
from a porous scaffold [61, 62]. Figure  5A depicts the 
regulation of insulin release from β-TC-6 cell spheroids 
by NIR light. Our insulin secretion experiments, using 
static glucose stimulation of β-TC-6 cells, showed a sig-
nificant difference in insulin secretion between 11.1 mM 
glucose as the stimulated glucose concentration and 
1.38 mM glucose as the control glucose concentration, 

Fig. 5  Insulin secretion from thermally responsive porous scaffold-encapsulated β-TC-6 cells under NIR control. (A) A schematic illustration of NIR light 
regulation of insulin release from β-TC-6 cell spheroids. (B) Investigating insulin release experiments with different NIR light irradiation power and number 
of cycles. (C) Time-temperature variation plots of 4 cycles of NIR light irradiation to control insulin release (power: 1.5 W/cm2, 30 s irradiation per cycle, 60 s 
interval). (D) Immunofluorescence plots of porous scaffolds encapsulating β-TC-6 cells with and without NIR irradiation to control insulin release, with 
red and blue fluorescence representing insulin and nucleus, respectively (Scale bar, 100 μm). (E) Graphs depict the effects of omitting NIR light from GSIS 
tests designed to regulate insulin secretion. (F) Graph showing the findings of the GSIS insulin release experiment using NIR light. (NS: no NIR light when 
the porous scaffold encapsulates cells; SP: cell spheroids created by 5 cycles of NIR light (1.25 W/cm2) irradiation when the porous scaffold encapsulates 
cells; SH: Cell spheroids’ controlled insulin secretion after being exposed to NIR light (1.5 W/cm2) for 4 cycles). Mean ± SD (n = 3). (ns: non-significant, **: 
p < 0.01, ***: p < 0.001, ****: p < 0.0001)
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with a 30-minute stimulation period (Fig. S5). As shown 
in Fig.  5B, we also investigated the effects of NIR light 
intensity and the duration between treatments on insulin 
secretion. Subsequently, NIR light irradiation at 1.5  W/
cm² for 4 cycles was found to be effective in controlling 
insulin release, with a peak temperature of approximately 
41  °C, exceeding the LCST. The NIR irradiation cycle is 
depicted in Fig.  5C, and the immunofluorescence plot 
in Fig.  5D demonstrates that, following four cycles of 
NIR irradiation to regulate insulin release, the amount 
of insulin in the scaffold decreased. These findings sug-
gest that NIR illumination can regulate the release of 
insulin from the scaffold’s pores. Quantitative analysis 
of GSIS utilizes an enzyme-linked immunosorbent assay 
(ELISA) test. Figure  5E illustrates the division of multi-
cellular spheroids of β-TC-6, created by five cycles of NIR 
light (1.25 W/cm²), and structures formed by cells grow-
ing in a ring around the scaffold wall (Fig. S2), into two 
groups for GSIS tests without NIR light regulation of 
insulin release. For cell spheroids without NIR-controlled 
release and for cells growing along the wall, there was no 
discernible difference in insulin release between days 1 
and 14. On days 7 and 14, the differences between stimu-
lated and unstimulated blood glucose levels were signifi-
cant. There was a progressive increase in insulin release 
from days 1 through 14, with a slower increase after day 
7, resulting in less than 0.8 ng/mL of insulin release in 
response to stimulated glucose concentrations on days 
7 and 14. In Fig.  5F, multicellular spheroids of β-TC-6 
generated by 5 cycles of NIR light (1.25  W/cm²) were 
divided into two groups: (a) those not irradiated with 
NIR light during insulin release, and (b) those exposed 
to NIR light (1.5  W/cm²) to control release. In contrast 
to cell spheroids without NIR irradiation, insulin release 
was significantly higher in the NIR-controlled cell spher-
oids from days 4 to 14. There was a gradual increase in 
insulin release for the group exposed to NIR light from 
days 1 through 14, while there was no discernible differ-
ence between the insulin release from GSIS on days 7 and 
14. The insulin release reached 2.0 ng/mL. This insulin 
secretion may provide a reference point for the therapeu-
tic effect in diabetic mice when combined with the thera-
peutic effect of insulin in mice [63, 64]. Furthermore, we 
verified that the treatment did not promote apoptosis by 
detecting the apoptosis-promoting protein Bax and the 
apoptosis-inhibiting protein Bcl-2 (Fig. S6). The effective-
ness of the treatment was sufficiently demonstrated.

In vivo biosafety evaluation
For the in vivo safety tests, male C57BL/6 N mice were 
transplanted and monitored over a 4-week period. The 
mice gained weight evenly (Fig. S7) after receiving the 
PNIPAM-GO porous scaffold subcutaneously in the 
abdomen, with no noticeable difference between the 

control groups. Growth activity of the mice was normal 
on the 28th postoperative day (Movie S2). Faint suture 
traces were visible, and the wounds were nearly fully 
healed without infections observed (Fig. S8). On the 28th 
day, all mice were euthanized, and major organs (heart, 
liver, spleen, and kidney) were removed for morphologi-
cal examination of tissue Sect. [65]. Figure 6A illustrates 
no apparent abnormalities in organ comparison between 
the scaffold-transplanted group and normal mice. Mice 
euthanized on days 3, 7, 14, and 28 had blood collected 
from the abdominal aorta, which was then centrifuged 
to obtain serum for biochemical analysis, including mea-
surements of aspartate aminotransferase (AST), alanine 
aminotransferase (ALT), urea nitrogen (BUN), and creat-
inine (CR) [65, 66]. Figure 6B and C show the assessment 
of liver function by ALT and AST levels. Figure 6D and 
E show the BUN and Cr levels for the assessment of kid-
ney function. Figure 6F and G show the measurements of 
TNF-α and IL-4 inflammatory factor levels in the serum 
of mice to assess the degree of inflammation. These find-
ings indicate no inflammatory reactions and no signifi-
cant differences in liver and kidney function between the 
PNIPAM/GO scaffold transplantation group and normal 
mice. This suggests that the developed scaffolds are safe 
to utilize as a cell carrier in cell transplantation therapy.

Control of blood glucose in diabetic mice: an in vivo study
The PNIPAM-GO porous scaffold demonstrated favor-
able biosafety and biocompatibility with β-TC-6 islet 
cells in the in vivo transplantation study. The subcuta-
neous space is a highly desirable site for implantation 
due to its ability to accommodate large tissue volumes 
and its minimally invasive nature, as well as its acces-
sibility to NIR light [33, 67]. However, transplantation 
encountered challenges including limited vasculariza-
tion of subcutaneous tissue, oxygenation issues, and for-
eign body reactions associated with cell transplantation 
[32]. Previous studies have demonstrated that GO can 
enhance VEGF production [68]. Expression levels of 
hypoxia-inducible factor HIF-1a and pro-angiogenic fac-
tor VEGF increased at the graft site in mice implanted 
with PNIPAM/GO scaffolds subcutaneously in the 
abdomen for 4 weeks (Fig.  7A and B). HE tissue stain-
ing revealed numerous erythrocyte-containing blood 
vessels capable of delivering oxygen to the implanted 
cells (Fig.  7C). Immunofluorescent staining of CD31 
further confirmed the presence of numerous blood ves-
sels (Fig.  7D). The microencapsulated porous scaffold 
developed for cell encapsulation mitigated foreign body 
reactions. Four weeks post-implantation of microencap-
sulated cell spheroids in abdominal subcutaneous tis-
sues, the mRNA expression level of α-smooth muscle 
actin (α-SMA) was consistent with that of the normal 
group, indicating absence of fibrotic reaction due to cell 
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Fig. 6  Evaluation of graft safety in mice using in vivo biosafety assays. (A) HE staining of mice heart, liver, spleen and kidney organ slices after 28 days of 
PNIPAM-GO porous scaffold transplantation. (Scale bar, 200 μm). Evaluation of liver function as (B) ALT and (C) AST. Evaluation of kidney function as (D) 
BUN and (E) Cr. Levels of inflammation in the serum classified as (F) IL-4 and (G) TNF-α. Mean ± SD (n ≥ 3) (ns: non-significant)
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transplantation (Fig. S9). Furthermore, tissues and organs 
exhibited normalcy post-implantation of cell spheroids 
without rejection (Fig. S10). In vitro GSIS tests confirmed 
that thermally sensitive porous scaffold-encapsulated 
β-TC-6 cell spheroids exhibited robust insulin secretion, 
which could be modulated by NIR light to control scaf-
fold contraction and regulate secretion. We further inves-
tigated the therapeutic efficacy of a PNIPAM-GO porous 
scaffold containing β-TC-6 cell spheroids in type I dia-
betic mice. Multiple, low-dose STZ injections [69] were 
used to create a mouse model of type 1 diabetes. After 

successful modeling, islet cell spheroids were subcutane-
ously injected into the abdomens of diabetic mice, and 
insulin pharmacokinetics were monitored for 12 h. Addi-
tionally, insulin therapy effects were observed over 28 
days, with concurrent recording of mice’s body weights 
(Fig.  8A). The shrinkage group exhibited a significant 
decrease in blood glucose levels at 2 h compared to the 
diabetes model group. By 12  h post-scaffold implanta-
tion, glucose levels had returned to normal, as depicted 
in Fig. 8B. At 12 h, blood glucose remained significantly 
lower but had not yet normalized. The non-shrinkage 

Fig. 7  Subcutaneous blood vessel formation in mice following PNIPAM/GO scaffold implantation. (A) Schematic diagram of transplantation of PNIPAM/
GO scaffolds in subcutaneous locations in the abdomen of diabetic mice. (B) The mRNA expression of subcutaneous hypoxia-inducible factor HIF-1a and 
pro-angiogenic factor VEGF in mice after PNIPAM/GO scaffold implantation. (C) HE staining results of the graft and its surrounding abdominal subcutane-
ous tissue. The yellow arrowheads point to blood vessels with erythrocytes inside. (D) Confirmation of angiogenesis at abdominal subcutaneous graft 
sites in mice by CD31 immunofluorescence. Mean ± SD (n ≥ 4), (****: p < 0.0001). Scale bar, 50 μm
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group’s response to therapy did not differ significantly 
from that of the diabetes model group. Over 28 days, NIR 
irradiation at the scaffold graft site monitored the thera-
peutic effects of the shrinkage and non-shrinkage groups 
compared to the diabetic group 12 h post-implantation. 
Figure 8C shows that blood glucose levels in the shrink-
age group returned to normal between days 1 and 14 but 
rose again by day 28, with a less significant decrease com-
pared to the diabetes model group. In contrast, the non-
shrinkage group showed a significant decrease in blood 
glucose levels from day 1 to day 28 compared to the dia-
betic model group, without returning to normal levels. 
Additionally, we investigated the therapeutic potential 
of PNIPAM/GO microencapsulated primary islet cells 
implanted subcutaneously in the abdomens of diabetic 
mice. We observed that NIR light had a significant thera-
peutic effect in controlling insulin release, thereby main-
taining normal blood glucose levels in vivo for at least up 

to the 28th day (Fig. S11A). To evaluate metabolic blood 
glucose control, we conducted an IPGTT on day 28. The 
results demonstrated that NIR irradiation effectively con-
trolled the 2-hour blood glucose levels to normal during 
the accelerated insulin release process in diabetic mice 
(Fig. S11B). Figure 8D illustrates the body weight changes 
in mice over 28 days, showing a significant increase in the 
shrinkage group from day 14 to 28 compared to the dia-
betic model group. During days 14 to 28, the non-shrink-
age group exhibited a non-significant increase in body 
weight compared to the diabetes model group. Figure 8E 
demonstrates that subcutaneous vascular insulin con-
tent at the transplantation site was significantly higher 
in the β-TC-6 cell spheroid group with NIR irradiation 
compared to the group without NIR irradiation. These 
findings indicate that β-TC-6 cell spheroids formed by 
PNIPAM-GO thermo-responsive porous scaffolds can be 
transplanted into mice under NIR irradiation to regulate 

Fig. 8  In vivo study of cell grafts for regulating blood glucose in mice. (A) Schematic diagram of in vivo experiments with cell grafts for glycemic control. 
(B) 12 h glucose dynamics of scaffold contraction under NIR control. (C) Mice with in vivo cell spheroid transplants show fluctuating blood glucose levels 
over a 4-week period. (D) Changes in mice body weight 4 weeks following in vivo cell spheroid transplanting. (E) Immunofluorescence map of insulin 
secretion in subcutaneous tissue sites of grafts after 4 weeks. Mean ± SD (n ≥ 4), (ns: non-significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001, ****: p < 0.0001). 
Scale bar, 50 μm
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scaffold contraction and facilitate insulin release. More-
over, our bioinformatics research revealed that enhanc-
ing thermogenesis could serve as a potential therapeutic 
approach for DM. We selected 12 diabetic patients and 12 
normal controls from the GEO database GSE29221 data-
set and analyzed a total of 5634 differentially expressed 
genes (Fig. S12A). These genes were intersected with 
235 thermogenesis-related genes from the Genecard 
database, identifying a total of 76 genes associated with 
thermo-regulation, including the temperature-sensitive 
channel protein TRPV2 (Fig. S12B and S12C). Functional 
annotation of differentially expressed genes using the GO 
database showed that genes down-regulated in DM are 
primarily associated with the biological process of adap-
tive thermogenesis (Fig. S12C). Furthermore, reduced 
thermogenesis in DM was supported by KEGG pathway 
analysis (Fig. S12D). Additionally, we observed a signifi-
cantly higher expression of TRPV2 in the cell spheroid 
group promoted by NIR irradiation compared to the con-
trol group on days 1, 4, 7, and 14, indicating an effective 
photothermal induction effect (Fig. S13). In summary, 
when combined with the contraction of β-TC-6 cell 
spheroids induced by NIR light (as shown in Fig. 5A), this 
suggests a therapeutic effect on diabetic mice. Further 
investigation is needed to determine whether the tem-
perature increase induced in mice by NIR light transmit-
ting thermal energy to the thermal scaffold contributes to 
improved diabetic treatment.

Conclusion
A PNIPAM-GO thermally sensitive porous scaffold is 
produced by depositing a dense layer of oil-in-water 
microspheres and subsequently curing to eliminate the 
oil phase, facilitated by microfluidic technology. The inte-
gration of GO and PNIPAM, with their photothermal 
and thermo-sensitive properties, resulted in a scaffold 
capable of controlled thermal contraction deformation. 
The controlled contraction of the scaffold facilitates the 
formation of cell spheroids and regulates the release of 
accumulated insulin. In vivo studies showed that ther-
mally sensitive porous scaffolds effectively maintained 
blood glucose control over an extended period in diabetic 
C57BL/6  N mice. This innovative method of regulating 
insulin secretion from islet cells shows promise as a new 
approach for treating diabetes. Limitations of this study 
include that while we successfully prepared β-TC-6 cell 
spheroids and implanted them in mice to control insu-
lin release effectively via photothermal mechanisms, 
the study is restricted to small animal models of diabe-
tes treatment. In addition, we used the beta cell line for 
the main experimental investigations in this study, rather 
than primary cultured islets. In the future, we plan to 
explore the therapeutic role of primary cultured islets for 
use in large animal models of DM. Large animals (e.g., 

primates) possess physiological and metabolic charac-
teristics closer to those of humans, enhancing their accu-
racy in modeling DM pathophysiology in humans. Our 
findings indicate defective expression of thermo-regula-
tory genes in diabetic patients and demonstrate that pho-
tothermal control stimulates the expression of TRPV2, 
a temperature-sensitive channel protein in β-TC-6 cell 
spheroids. However, it remains unclear whether the 
mechanism of photothermal regulation and the potential 
use of thermotherapy as a therapeutic approach for dia-
betes require further exploration and clarification.
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