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A Flexible Smart Membrane Consisting of GO Composite Fibres and 
Upconversion MSNs for microRNA Detection 

Tongxu Gu a, Zhaohui Ren a, Xiang Li *a , Jie Huang b and Gaorong Han a

We have developed a photoluminscent membrane for microRNA 

detection, consisting of chemically modified mesoporous silica 

nanoparticles (CaF2:Yb/Ho@MSNs) attached, via single strand DNA 

probes, to flexible polyurethane fibres coated with graphene oxide 

(GO). By detecting the release of the luminescent nanoparticles 

resulting from complementary co-hybridization between target 

miRNA sequences and the DNA probe, accurate measurements of 

miRNA concentration at high sensitivity levels can be obtained. The 

constructs therefore offer a route to rapid detection and the 

potential for early cancer diagnosis. 

 The dysregulation of microRNAs (miRNAs) is linked closely 

with the pathogenesis of various diseases1-2 and hence 

detection of miRNAs has recently developed as an important 

field of research3-4. miR-21, which is expressed in mammalian 

cells, has been reported to be associated with some types of 

cancer5-6 and consequently has been explored in diagnosis 

strategies7. However, the ability to rapidly and accurately detect 

miRNAs has remained an elusive goal. Conventional approaches 

for miR-21 detection can be time-consuming and experience-

dependent which may make them unaffordable and 

inaccessible for point-of-care testing applications8-9. To obviate 

these issues alternative, novel approaches based on 

electrochemical sensing using multichannel screen-printed 

electrode arrays10, chemiluminescence11 and nanoparticle-

based colorimetry12 have been developed which offer inherent 

advantages including speed, cost-effectiveness, simplicity, and 

the potential for miniaturization.  

 While two-dimensional fluorescent membranes, have been 

prepared successfully in the past13, the three-dimensional 

network structure of electrospun nanofibres provides the 

potential to increase sensitivity14. The combination of 

electrospun nanofibers and UCNPs has been considered as a 

promising approach for constructing fluorescent membranes 

for accurate miR-21 detection15. In comparison with current 

photoluminescent systems such as quantum dots and organic 

fluorescence molecules, upconversion nanoparticles (UCNPs) 

offer marked advantages, such as sharp and adjustable 

emission bands, high resistance to photobleaching, reduction in 

photoblinking, and low levels of background autofluorescence 

from biological systems16.  

 In general, for detection systems consisting of fluorescent 

membranes, a photo-quencher is needed. Graphene oxide (GO) 

has been reported as a material with currently the highest 

photo-quenching effect17. Graphene oxide been shown to 

interact with single-stranded oligonucleotides via π-π stacking 

interactions with nucleobases18-19. However, the interaction 
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Fig. 1 Schematic illustration of the synthesis of biosensing 

membrane and miRNA detection.  
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between oligonucleotides and GO weakens on the formation of 

double-stranded DNA through a mechanism of base 

complementary pairing19. Therefore, it has been suggested that 

the coupling characteristics between GO and single-stranded 

DNA (ssDNA) offer opportunities to develop high performance 

biosensing platforms20.  

 In our previous studies21, 22, we developed an upconversion 

inorganic electrospun fibrous membrane for miRNA detection. 

However, the poor capacity of inorganic materials to resist 

mechanical impact and their low tensile strength, limit the 

detection accuracy and stability. The highest limit of detection 

(LOD) only reached 2 nM in deionized water. Therefore, herein, 

we have investigated whether more accurate miRNA detection 

might be achieved via the development of a composite 

membrane, consisting of thermoplastic polyurethane 

(TPU)@GO electrospun fibres and high surface area 

upconversion mesoporous silica nanoparticles (MSNs). 

Additionally, the interlaced network of electrospun TPU fibres, 

shows both excellent stability in aqueous solution and also high 

affinity with GO. This combination offers a matrix with the 

potential for capillary-action to retain small-volume substances. 

 A mechanism is hypothesized in Fig. 1, the synthesis of CaF2: 

Yb/Ho@MSNs involves infiltration of precursor solution by 

capillary effect and followed by the nucleation and growth of 

CaF2: Yb/Ho nanocrystals through thermo-decomposition 

method. The CaF2: Yb/Ho@MSNs synthesized with amorphous 

shell do not only present uniform morphology, but also show 

high specific surface area and large pore volume, providing 

sufficient space and abundant active groups for subsequent 

surface modification. The composite membranes are formed by 

the grafting of CaF2: Yb/Ho@MSNs to GO composite fibres via a 

single strand DNA probe. In the presence of target miRNA, the 

complementary co-hybridization between the target sequence 

and the DNA probe causes the release of upconversion MSNs 

from the membrane. Upconversion luminescence intensity of 

the membrane can therefore be employed to quantify the 

concentration of miRNA.  

 MSNs with radical-form pore structures, serving as a carrier 

for upconversion nanocrystals, were synthesized by an organic 

template method24. Transmission electron microscopy (TEM) 

and scanning electron microscopy (SEM) images show that the 

particles have a diameter of ~110 nm and a high degree of 

monodispersity (Fig. 2a). The precursor solution containing 

Ca2+, Yb3+ and Ho3+ was taken up into the mesopores via 

capillary action. The CaF2: Yb/Ho nanocrystals nucleated and 

formed in-situ within the pores by a thermal-decomposition 

reaction. MSNs combined with upconversion nanocrystals were 

darker in the TEM images (Fig. 2b), and their corresponding 

chemical composition was confirmed by elemental mapping of 

Ca, Si, O, Yb and Ho (Fig. S1, ESI†). Selected area electron 

diffraction (SAED) patterns (Fig. 2b, inset), indicated that 

CaF2:Yb/Ho@MSNs exhibited distinct diffraction rings, 

attributable to the (111), (220), (311) reflections of the CaF2 

cubic phase (JCPDS no.99-0051). The X-Ray diffraction (XRD) 

pattern was in good agreement with the SAED pattern, verifying 

the presence of cubic CaF2 nanocrystals within the 

CaF2:Yb/Ho@MSNs obtained (Fig. 2c). The Brunauer-Emmett-

Teller surface area of MSNs and CaF2: Yb/Ho@MSNs were 

measured to be ~747 m2 g-1 and ~454 m2 g-1, respectively (Table 

S1). The average pore diameter did not vary significantly before 

and after upconversion nanocrystals had been embedded in the 

fibres according to the nitrogen adsorption-desorption 

isotherm and corresponding pore-size distribution. The unique 

radical-form porous structure offered a favourable substrate for 

the subsequent surface modification and functionalization. As 

shown in Fig. 2d, the upconversion MSNs showed two main 

emission bands at 540 nm and 647 nm under irradiation using a 

980 nm laser. This corresponded to an energy-transfer process 

from the excited states 5S2 and 5F5, respectively, to the ground 

state 5I8, similar to that of Yb/Ho co-doped upconversion 

materials reported previously25.  

 TPU fibres used as a flexible substrate were synthesized via 

an electrospinning process. The membrane network consisted 

of uniform TPU fibres with a smooth surface and random 

orientation (Fig. 3a). After immersing in GO aqueous solution, 

the TPU fibres were covered with a hydrogen-bonded layer of 

GO flakes40. The presence of the coating was verified using high 

magnification SEM images (Fig. 3b). The GO coating was 

extremely thin with a smooth, mat-like surface morphology and 

this was investigated by TEM (Fig. S2, ESI†). The GO coating 

resulted in the TPU@GO constructs having a grey-black 

appearance (Fig. S3, ESI†). Examination using Raman 

spectroscopy showed that pure GO and TPU@GO composite 

fibres exhibited a typical D-band peak ~1350 cm-1 and a G-band 

peak ~1580 cm-1, corresponding to the sp2 and sp3 carbon 

stretching modes (Fig. 3c). The findings above indicated that the 

surfaces of the TPU fibres were successfully decorated with GO. 

 

Fig. 2 (a) SEM and TEM images of MSNs. (b) TEM and SAED 

images of CaF2: Yb/Ho@MSNs. (c) XRD pattern of pure CaF2: 

Yb/Ho and CaF2: Yb/Ho @MSNs. (d) UC emission spectra of 

CaF2: Yb/Ho@MSNs excited at 980nm.  
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 CaF2: Yb/Ho@MSNs were functionalized with amino groups 

by amino-propyltriethoxy-silane (APTES) to provide anchoring 

sites (carboxyl groups) for the DNA probe. Fourier transform 

infrared spectroscopy (FTIR) was conducted to study the surface 

modification of amino groups. As shown in Fig. S4 (ESI†), a new 

peak at 1560 cm-1 was detected and identified as the bending 

vibration of N-H bond. The DNA probe used was 

complementary to the target miR-21, and it was modified with 

carboxyl group at the 5’ end prior to its usage (Table 1). The DNA 

probes were covalently conjugated to the amino modified CaF2: 

Yb/Ho@MSNs using EDC/NHS coupling under gentle shaking at 

37℃. Compared with the UV-vis spectra of CaF2: Yb, Ho@MSNs-

NH2, the CaF2: Yb/Ho@MSNs conjugated DNA probe exhibited 

a new absorption band centred at ~258 nm, corresponding to 

the characteristic absorption band of DNA (Fig. S5, ESI†). The 

probe grafting was further verified by ζ-potential 

measurements, as compared with the surface charge of CaF2: 

Yb/Ho@MSNs. Fig. S6 (ESI†) indicates that the as-synthesized 

CaF2: Yb/Ho@MSNs had a negative charge of -13±1.7 mV. After 

functionalization with amino groups, the surface of CaF2: 

Yb/Ho@MSNs became positively charged (8.5±2.7 mV). The ζ-

potential reversed after conjugating with DNA probe at -1.1±1.5 

mV. Subsequently, the smart membrane was constructed by 

mixing the DNA probe decorated CaF2: Yb/Ho@MSNs and GO 

composite fibres by gentle shaking at room temperature. It has 

been reported that GO interacts strongly with ssDNA through π-

π stacking between the aromatic hexagonal lattice of GO and 

the ring structure from the nucleotide bases. The adsorption of 

double-stranded DNA (dsDNA) onto the GO sheets is hampered 

due to shielding of the nucleobases by the negative charges 

from the phosphate backbone26, 27. Therefore, the surface of 

TPU@GO composite fibres show particular affinity toward 

ssDNA. In consequence, after immersion, a uniform coverage of 

CaF2: Yb/Ho@MSNs on the surface of GO composite fibres was 

achieved, as shown in Fig. 3d. 

 The detection performance of this flexible smart membrane 

was studied using solutions containing at target miR-21 with 

different concentration. As shown in Fig. 4a, the intensity of 

upconversion luminescence, at 540 nm and 647 nm, gradually 

decreased with increasing miRNA over a wide range from 1 pM 

to 100 μM. The relationship between relative 

photoluminescence intensity and the concentration of miR-21 

is shown in Fig. S7 (ESI†). Over the miR-21 concentration range 

20 pM~1 μM, there was a linear relationship with the relative 

photoluminescence at 540 nm and 647 nm and a correlation 

coefficient R2 > 0.99 (Fig. 4b and c). In the presence of miR-21, 

the interaction between the single-stranded oligonucleotides 

and GO weakened, owing to the formation of double-stranded 

DNA. This caused the liberation of nanoparticles from the GO 

substrate and these observations agree well with the 

phenomena reported in previous studies28, 29. In consequence, 

a clear relationship between the photoluminescence of the 

composite membrane and miR-21 concentration was achieved 

down to a detection limit of 20 pM.   
 In addition, the detection of miR-21 in a simulated biological 
condition was also assessed using a 10 vol% fetal bovine serum. 
When the concentration of miR-21 was increased from 2 nM to 
200 μM, the UCL intensity decreased, and there was a linear 
relationship between miR-21 concentration and the intensity of 
UCL peaks at both 540 nm and 647 nm, indicating a detection 
limit of 2 nM (Fig. S8, ESI†). The reduction in on upconversion 
emission and miRNA detection performance in serum, can be 

 

Fig. 4 (a) UCL spectra of the smart membrane after treating with solutions with different miR-21 concentration, and the relationship 

between the relative intensity of UCL, at (b) 540 nm and (c) 647 nm, and miR-21 concentration at a certain range. 

 

Fig. 3 SEM image of (a) as-prepared TPU fibres and (b) 
TPU@GO composite fibres. (c) Raman spectra of TPU 
before and after GO coverage. (d) SEM images of the hybrid 
membrane combining with CaF2: Yb/Ho@MSN-probe and 
TPU@GO composite fibres. 
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attributed to the adsorption of protein molecules. To further 
demonstrate the detection specificity of the composite 
membrane, miR-21 with single-base mismatch and three-base 
mismatch were used as close-related targets, and miR-195, 
another common breast-cancer biomarker, was selected as an 
irrelevant target, as listed in Table 1. As shown in Fig. S9 (ESI†), 
in the presence of 1 μM miR-195, miR-21 with single-base and 
three-base mismatch respectively, the UCL intensity of the 
membrane did not present clear difference comparing to the 
blank control. In contrast, when the same concentration of miR-
21 was added, the UCL intensity decreased significantly. The 
corresponding variation of UCL intensity at 540 nm and 647 nm 
were summarized in Fig. S9b&c (ESI†), indicating the potential 
of the composite membrane in specific detection of target 
microRNA. 

 In summary, a smart membrane consisting of upconversion 

MSNs and GO composite fibres was designed and synthesized 

for miRNA detection. In this system, the upconversion MSNs, 

synthesized by an in-situ nanocrystalline growth method, 

showed high specific area and abundant active groups, which 

were favourable for modification via DNA probes. The 

electrospun TPU fibres were used as a substrate which, when 

combined with a GO coating, shows strong affinity toward 

single-stranded oligonucleotides conjugated with upconversion 

MSNs. In the presence of target miRNA, the complementary 

interaction between the DNA probe and miRNA resulted in 

detachment of upconversion MSNs from the membrane, and a 

consequent reduction in UCL intensity. This provided 

quantitative miRNA detection with a limit of 20 pM. The 

interlaced network of the membrane showed strong-capillary-

action and hence enrichment effects, which improved the 

accuracy of miRNA detection. This flexible composite 

membrane therefore offers a novel approach for accurate 

miRNA detection and has potential for application in early 

cancer diagnosis. 
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