
This document is downloaded from DR‑NTU (https://dr.ntu.edu.sg)
Nanyang Technological University, Singapore.

Lab‑in‑fiber platform for plasmonic photothermal
study

Yong, Derrick; Lee, Elizabeth; Ng, Wei Long; Yu, Xia; Chan, Chi Chiu

2013

Yong, D., Lee, E., Ng, W. L., Yu, X.,& Chan, C. C. (2013). Lab‑in‑fiber platform for plasmonic
photothermal study. Proceeding of SPIE 8615, Microfluidics, BioMEMS, and Medical
Microsystems XI, 861504.

https://hdl.handle.net/10356/98188

https://doi.org/10.1117/12.2003335

© 2013 Society of Photo‑Optical Instrumentation Engineers (SPIE). This paper was
published in Proceeding of SPIE, Microfluidics, BioMEMS, and Medical Microsystems XI and
is made available as an electronic reprint (preprint) with permission of SPIE. The paper can
be found at the following official DOI: [http://dx.doi.org/10.1117/12.2003335].  One print or
electronic copy may be made for personal use only. Systematic or multiple reproduction,
distribution to multiple locations via electronic or other means, duplication of any material
in this paper for a fee or for commercial purposes, or modification of the content of the
paper is prohibited and is subject to penalties under law.

Downloaded on 20 Mar 2024 19:24:59 SGT



 

 

Lab-in-fiber Platform for Plasmonic Photothermal Study 
 

Derrick Yonga,b, Elizabeth Leea,b, Wei Long Nga,b, Xia Yua,*, Chi Chiu Chanb 

aPrecision Measurements Group, Singapore Institute of Manufacturing Technology, Agency for 
Science, Technology and Research, 71 Nanyang Drive, Singapore 638075; bDivision of 

Bioengineering, School of Chemical and Biomedical Engineering, Nanyang Technological 
University, 70 Nanyang Drive, Singapore 637457 

ABSTRACT   

A lab-in-fiber platform, comprising a photonic crystal fiber component for light-sample interaction, was experimentally 
demonstrated to be effective as a sensor and micro-reactor. Specifically, it enabled the discrimination between free and 
liposome-encapsulated fluorophores as well as allowed for the excitation of in-fiber plasmonic photothermal effects, by 
alternating between different fiber-coupled inputs. The significant increase in fluorescence emissions upon release of 
fluorophores, encapsulated within liposomes at self-quenching concentrations, was perceived as a shoulder in the 
device’s spectral output that otherwise only comprises the input excitation. Markedly, the observed shoulder was only 
discernible when the photonic crystal fiber was placed in a bent orientation. This was explained to be associated with the 
bending-induced refractive index profile changes in the fiber cross section that led to increased amounts of evanescent 
fields for light-sample interactions. Results highlighted the viability of the lab-in-fiber platform as an alternative to 
current lab-on-a-chip devices. 
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1. INTRODUCTION  
Photonic crystal fibers (PCFs) or microstructured optical fibers have been widely explored since its devise by Knight et 
al. in 1996 [1]. The periodic array of air holes that run laterally along the lengths of PCFs enable light guidance via 
modified total internal reflection or photonic bandgap guidance [2, 3], while doubling as microfluidic channels for 
sample infiltration and thus facilitating light-sample interactions. This unique property has seen to the numerous 
applications of PCFs in refractive index sensing [4-6] as well as absorption [7] and fluorescence [8, 9] spectroscopy. In 
addition, this trait renders it notably similar to lab-on-a-chip devices, which unfortunately require sophisticated 
waveguide incorporation processes onto polymer chips, in order to enable optics-based detection regimes [10-12]. 
Moreover, since lab-on-a-chip devices also serve as micro-reactors, PCFs seem to be a viable alternative for similar 
processes.  

Utilizing the PCF platform described in our previous work [6], a photo-inducible reaction study is proposed to highlight 
the optical cum microfluidic aspects of the lab-in-fiber platform. In particular, a recent area of interest is the use of metal 
nanoparticles in the enhancement of photothermal effects (or plasmonic photothermal effect) for therapeutic applications 
[13-15]. These metal nanoparticles resonate under specific excitation wavelengths, generating localized surfaced 
plasmons and which subsequently elicits an extremely localized heating effect capable of disruption cellular membranes, 
ideal for the specific targeting of tumors or bacteria. A simplified membrane model for such a study is liposomes [16, 17] 
– closed vesicular structures comprising self-assembled lipid bilayers, first described by Bangham et al. [18] in 1964. 
Studies have demonstrated the light-controlled release of liposomal contents upon the optical excitation of adjacent or 
membrane-bound metal nanoparticles [19-22]. These studies exploit the ability of liposomes in encapsulating water-
soluble compounds within their aqueous cores and depend on the consequent release of these contents upon a gel-to-
liquid phase transition of their lipid membranes. Often in such studies, fluorescent dyes are employed for ease in 
detection and quantification. Specifically, fluorescent dyes are encapsulated at self-quenching concentrations within 
liposomes [23], and only upon reaching phase transition temperatures [24] would pores form in the liposomal membrane 
enabling release of the trapped dye and hence produce detectable fluorescence signals.  
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This paper hence focuses on the employment of the lab-in-fiber platform as a sensor for the optical detection of 
fluorescence emissions upon fluorophore release from liposomes. It further analyses the viability of the platform as a 
micro-reactor for in-fiber excitation of plasmonic photothermal effects in the similar release of liposome-encapsulated 
fluorophores. 

2. MATERIALS AND METHODS 
2.1 Chemicals and other materials 

1,2-dipentadecanoyl-sn-glycero-3-phosphocholine (15:0 PC) was purchased from Avanti Polar Lipids Inc. (Alabaster, 
Alabama). Whatman NucleoporeTM track-etched polycarbonate membrane filters with pore size of 0.2µm and PD-10 
desalting columns (packed with SephadexTM G-25M) were obtained from GE Healthcare (Singapore). 5(6)-
carboxyfluorescein was purchased from Sigma-Aldrich (Singapore). 1M Tris buffer at pH8.8 was acquired from 1st Base 
(Singapore). 53nm gold nanoparticles were obtained from Nanopartz (Loveland, Colorado). Thiol polyethylene glycerol 
MW 5000 was acquired from Nanocs (New York, New York). All other chemicals were of reagent grade.    

2.2 Liposome synthesis 

Liposomes were synthesized via a procedure based upon the preparation of reverse-phase evaporation vesicles (REV) 
previously described by Szoka et al. [25] and Pidgeon et al. [26, 27].  The aqueous and organic phases comprised 
100mM 5(6)-carboxyfluorescein (CF) tuned to pH12 and 15:0 PC dissolved in diethyl ether, correspondingly. 
Synthesized liposomes were extruded 10 to 15 times through a polycarbonate membrane of 0.2µm pore size. Aliquots of 
this liposome suspension were then passed through a PD-10 desalting column (equilibrated with Tris buffer) to remove 
non-encapsulated CF. Control samples of CF were prepared in an identical manner, in the absence of lipids. 

2.3 PEGylating gold nanoparticles 

A thiol polyethylene gylcerol (PEG-SH) solution was first sonicated before being added dropwise to a solution of gold 
nanoparticles (AuNPs) under vigorous stirring. The mixture was then allowed to stir overnight before it was centrifuged 
at, decanted of its supernatant and resuspended in Tris buffer. The centrifugation and resuspension process was repeated 
to ensure maximal removal of unattached PEG and original AuNP capping molecules. The resulting AuNPs were coated 
with PEG at a density of approximately 2 particles/nm2. 

2.4 Absorbance and fluorescence measurements 

Aliquots of samples were diluted prior to measurements. Absorbance measurements were made with a UV-Vis-NIR 
scanning spectrophotometer (Shimadzu) in 1cm path length quartz cells over the wavelength ranges of 450-600nm for 
AuNP samples respectively. Fluorescence measurements were recorded with a fluorescence spectrometer (Perkin Elmer) 
in low-volume disposable cuvettes under 480nm excitation, over the wavelength range of 500-600nm for lipo-CF 
samples containing the fluorophore, CF. 

2.5 Size and concentration determination 

The average size and poly-dispersion index (PDI) of the liposome suspensions were determined by dynamic light 
scattering using a Malvern Zetasizer Nano ZS. All readings were performed with approximately 0.5ml of samples in 
low-volume disposable cuvettes at 25˚C.  
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2.6 Lab-in-fiber platform 

 
Figure 1. Schematics of lab-in-fiber platform. Inset: Scanning electron micrograph of utilized PCF’s cross-section. 

Details of the lab-in-fiber platform can be found in [6]. In brief, the treated lipo-CF samples were infiltrated into the PCF 
component and illuminated via a fiber-coupled blue LED (ThorLabs; 2.3mW; λ= 490nm – corresponding to the peak 
absorbance of CF) at the device input. The resultant spectra were collected at the device output. For plasmonic 
photothermal studies, where samples comprised liposome-AuNP mixtures, the input source was switched between the 
blue LED and a green DPSS laser (Lambda Pro DPSS Laser; 20mW; λ=532nm – corresponding to the peak absorbance 
of the AuNPs) for excitation of CF and the gold nanoparticles, correspondingly. Specifically, each cycle involved the 
collection of 2 spectra, namely before and after the plasmonic photothermal treatment – a 15min illumination of the 
infiltrated sample with the green DPSS laser. 

3. RESULTS AND DISCUSSION 
3.1 Characterization of synthesized liposomes and AuNP 

 
Figure 2. Emission spectra of lipo-CF and CF with (heated) and without (control) heating in 50˚C water bath. Inset: 
Schematics of lipo-CF before and after heating, illustrating efflux of encapsulated CF in the latter, accompanied with 
respective images of lipo-CF samples in cuvettes. 
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Identical amounts of lipo-CF were subjected to 2 different temperature treatments – Control: placed in iced bath; Heated: 
placed in 50˚C water bath. Their emission spectra, as shown in Figure 2, highlighted a significant difference in the 
emission intensities with that of heated samples being approximately 13.5-fold that of control samples. This massive 
increase in emission can be attributed to the huge drop in concentration self-quenching effects upon the efflux of 
encapsulated CF facilitated by the gel-to-liquid phase transition of the liposome membrane. Specifically, under strong 
alkali conditions, CF predominantly exists in its dianionic state (CF2-) [28], which although possessing the highest 
quantum yield amongst its various protolytic states [29] is also the composite of non-fluorescent CF aggregates (dimers 
and trimers) [30, 31]. On top of being non-fluorescent, these aggregates are also responsible for quenching elicited by 
Förster’s energy transfers from monomers [23]. Using the dimerization parameters described in [23], the calculated inter-
fluorophore (mixture of monomer and dimers) distance for 100mM of CF is approximately 33.5Å, which is very much 
within Förster’s critical transfer distances (51Å and 57Å for monomer-monomer and monomer-dimer, correspondingly). 
This migration of energy to non-fluorescent aggregates thus results in the observed concentration self-quenching effect 
in lipo-CF control samples with unperturbed lipid bilayers (i.e. no gel-to-liquid phase transition). Upon heating to Tm, 
however, thermodynamics describes large spikes in the total transient membrane pore area, which implies maximum 
membrane permeability and hence maximum leakage [32]. Since, doubly charged CF2- molecules are only unable to 
permeate gel-phased lipid bilayers, the formation of transient pores provides channels that enable their diffusion-
facilitated efflux. This efflux thus results in a drop in encapsulated concentrations of CF, drastically reducing the effects 
of concentration self-quenching, and therefore eliciting a detectable fluorescence emission peak. Notably, this change is 
even observable by the naked eye, from dull orangey-brown to bright greenish-yellow, as shown in the insets of Figure 2. 
It is also noteworthy that heating does induce deaggregation [30], but this effect was accounted for by control samples of 
CF, revealing a less than 1% difference. 

 
Figure 3. Normalized absorbance spectra of AuNP before and after PEGylation. 

Absorbance spectra of AuNP were recorded before and after PEGylation to ensure minimal change in their absorbance 
spectra, particularly at the peak absorbance wavelength. As illustrated in Figure 3, a red-shift of 3nm occurs at the peak 
absorbance wavelength, concurring with the increased particle size upon PEGylation. Furthermore, slight broadening of 
the absorbance band was also observed, implying some presence of particle aggregation possibly occurring during the 
PEG-capping process. A drop in peak absorbance was also noted (results not shown here), attributed by the loss in 
AuNPs during the centrifugation and resuspension process. The resultant PEGylated AuNPs were further concentrated 
by 10-times by centrifugation before use. 
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Table 1.  Size distribution of lipo-CF and AuNPs. 

Sample Average size (nm) PDI 

Lipo-CF (Control) 172.13 ± 0.75 0.056 ± 0.029 

Lipo-CF (Heated) 135.50 ± 8.24 0.073 ± 0.019 

AuNP 60.89 ± 1.60 0.168 ± 0.017 

PEGylated AuNP 85.06 ± 0.80 0.114 ± 0.005 

 

The average particle sizes and PDI for the lipo-CF samples and AuNPs are listed in Table 1. The observed drop in 
hydrodynamic diameter for heated Lipo-CF samples implies a possible rupture of the lipid bilayers that resulted in 
liposomal splitting or budding of smaller vesicles. This has likely occurred due to the high temperatures used, which on 
top of inducing pore formation has provided sufficient energy for further organizational changes. The increase in AuNP 
size, on the other hand, corresponds to the addition of two PEG molecules adhered on both sides of the AuNP diameter, 
totaling approximately 20nm based on the Gaussian random coil model [33]. 

3.2 Lab-in-fiber spectroscopic analysis of lipo-CF 

 
Figure 4. Normalized output spectra of lab-in-fiber platform with 490nm blue LED input for various infiltrations of lipo-CF 
samples, under straight and bent PCF orientations.  

The output spectra of the device were collected upon illumination of the infiltrated lipo-CF samples with the fiber-
coupled blue LED. As shown in Figure 4, a discernible difference is observed between the control and heated lipo-CF 
samples beyond 500nm. In particular, a shoulder comprising of regions residing below and above the control spectrum 
(separated by an inflection point at approximately 500nm) spans the right tail of the spectrum, corresponding to the 
absorbance and emission of CF. Results therefore concurred with that obtained form the fluorescence spectrometer in 
Figure 2, where a distinct fluorescence emission was observed only for heated lipo-CF samples. Interestingly, this 
shoulder was not observed when the PCF component in the device was straightened, eliciting no difference between the 
heated and control lipo-CF samples. This phenomenon could however be attributed to the increased amount of 
evanescent fields penetrating the air holes of the photonic crystal structure enhancing the extent of light-sample 
interaction. As reported in our previous work [6], bending induces an increase in the cross-sectional refractive index of 
the PCF towards the outside of the bend, this induces a same-direction displacement of the core mode as well as allows 
for core-cladding coupling, both of which contribute to the increased evanescent fields within the PCF’s air holes. To 
further eliminate the possibility of the spectral differences occurring due to refractive index differences, the refractive 
indices of the control and heated lipo-CF samples were measured with a pocket refractometer (Atago) at 22˚C, reading 
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identical refractive indices of 1.337. It is also appropriate to highlight that the lipo-CF control output spectrum closely 
resembles that of water (results not shown here), which mainly constitutes the excitation spectrum. 

 
Figure 5. Output spectra of lab-in-fiber platform with 490nm blue LED input for various infiltrations of lipo-CF samples, 
under bent PCF orientation. Lasing was also performed in the bent PCF orientation at 532nm excitation by a fiber-coupled 
green DPSS laser. 

Plasmonic photohthermal studies were subsequently performed with the lab-in-fiber platform. Briefly, upon infiltration 
of the lipo-CF and AuNP mix at an approximate 1:1 particle-count ratio, output spectra were collected before and after a 
15min period of continuous excitation with the fiber-coupled green DPSS laser. It is to be noted that the excitation of 
plasmonics was performed with the PCF in the bent orientation, as it is expected to result in a better light-sample 
interaction. As shown in Figure 5, a shoulder does appear to emerge beyond 500nm for the lased lipo-CF and AuNP mix. 
Admittedly, the significance of this shoulder pales in comparison to that illustrated in Figure 4, which could imply the 
inefficiency of plasmonic photothermal effects in triggering complete liposomal release. These results, however, could 
also be coherent with literature depicting metal nanoparticle elicited quenching due to a dominance of absorbance over 
scattering components for AuNPs smaller than 80nm [34], larger than the AuNPs used in this study. The prominence of 
the shoulder is therefore reduced due to afore described quenching effects on the released fluorophores’ emission. 
Further studies involving different AuNP sizes would be performed to verify and account for the fluorescence quenching 
and enhancement effects of metal nanoparticle. In addition, the ratio between lipo-CF and AuNP would be varied to 
analyze the effects of fluorophore-metal distance on fluorescence. Lastly, to contrast the extent of this in-fiber plasmonic 
photothermal triggered release with that elicited by heat, subsequent work would also include a comparison with heated 
mixtures of lipo-CF and AuNPs, accounting for fluorophore-metal interactions upon a substantial release trigger by heat. 

4. CONCLUSION 
In summary, a lab-in-fiber platform is experimentally demonstrated to be effective in distinguishing between 
fluorescence emission of free and liposome-encapsulated CF. This observable difference was explained to be due to the 
enormous drop in concentration self-quenching effects when fluorophores, encapsulated at high concentrations within 
liposomes, are released into the liposome exterior upon heat-elicited pore formation in the lipid bilayer. Within the lab-
in-fiber device, this difference was detected as a shoulder or point of inflection on the right tail of the spectrum, 
corresponding to CF absorbance and emission. Notably, this phenomenon was only observed when the PCF component 
was in the bent orientation, and was explained to be due to bending-induced refractive index profile change across the 
PCF cross section that increased the penetration of evanescent fields. This rise in the amount of evanescent fields 
residing within the air holes, thus enhanced the extent of light-sample interactions. Subsequent study on the in-fiber-
excitation of plasmonic photothermal effects, conducted on mixtures of liposomes and AuNPs, highlight a similar 
presence of a shoulder that was undeniably less significant than heat-elicited release of CF. This was attributed to the 
efficiency of the in-fiber plamonic photothermal effect as well as fluorophore-metal interactions – quenching. Hence, 
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subsequent work would focus on addressing the aforementioned concerns. Nevertheless, the lab-in-fiber platform has 
exhibited viability for application as micro-reactors, highlighting its potential as an alternative to lab-on-a-chip devices. 
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