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Abstract
Traditional liquid marbles (LMs), are liquid droplets encapsulated by hydrophobic 

particles offering special three-dimensional (3D) stereo-architectures with structurally 
and functionally confined environment. However, the particle armors impede optical 
characterization in chemical analysis and process monitoring for fluid reactions. For 
the first time, we manipulate the liquid-solid interface by the paradigm of liquid marbles 
in liquid (LMIL) strategy, in which LMs are coated by diverse particles immersed in 
liquid mediums rendering optically transparent micro-reactor system without 
compromising on its intuitive functional potential. We demonstrated comparable 
transmittance of HT-LMIL towards naked water droplet via UV-vis absorption 
spectroscopic detection. Besides, its function as an oil immersion lens gives higher 
resolution in optical spectroscopic characterization. The high optical transparency of 
LMIL enables real-time and in situ monitoring of yeast cell’s proliferation and viability 
via layer-by-layer, encouraging them to differentiate in suspension without anchoring. 
Such multifaceted characteristics of HT-LMIL based platform offer optically 
transparent and functionally promising micro/bio-reactors with future explorations for 
high-throughput chemical assays.
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Introduction

Liquid marbles (LMs), are distinguished by a stable liquid nucleus protected by 

hydrophobic nanoparticles to isolate internal fluid from mixing with the external fluidic 

environment.1 As non-wetting liquid droplets, they promise superior performance on 

mobility,2 elasticity,3 and stability.4 The liquid marble reactor also withholds many 

advantages such as minimized use of chemical reagents, precisely controlled and 

intensified reaction conditions, and momentary reaction time.5-8 Thereafter, LM-based 

technologies have been exploited for extensive application in microreactors,9,10 

microfluidic control,11 bioreactors,12 and other practical applications.13-15 Moreover, the 

fundamental characteristics of internal fluid entrapped and tailored coating particles 

enable the LMs responding to various stimuli such as pH,16 thermal, light,17,18 

magnetism,19 electric field20 and others.21 Such a LM based platform has been widely 

developed for applications in gas sensing,22 water pollution detection, and blood 

typing.23 

Traditional LMs adopt various nanoparticles to construct multifunctional 

hydrophobic shells enabling LMs with prominent potential as lab-in-a-drop.24 Such 

miniaturized strategy has apparent advantages for high-throughput chemical analysis,25 

which has gained pronounced interest in the trace analysis field.26 Study by Xue et al. 

that employed magnetic particle-coated LMs was directed towards quantitative analysis 

and purification with on-demand opening and closing bifunctionality under magnetic 

field to replace the internal liquid without risk of contamination.27 LMs also serve as 

the three-dimensional (3D) micro-bioreactors for in vitro drug screening and 
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regenerative medicine study.28 Aalders et al. demonstrated a fumed silica powder 

stabilized LM as an artificial cell culture environment to create 3D cardiospheres within 

24 h.29 However, since armored by the lightproof shell, these LMs can only  execute 

downstream analyses via destructive extraction of objects, restricting their on-line 

measurement and continuous recyclability.30Traditionally, the optical transparency of 

LMs can be improved by manipulating the type, size, and processing of hydrophobic 

particles shell, which not only endows structural protection but also benefits the 

monitoring of inner dynamic changes.31-35 Bhosale et al. reported that microparticles 

were light-proof, while particles at the nanoscale can form LMs with high 

transparency.36 Therefore, Nguyen et al. presented a LM-based digital-imaging 

colorimetry strategy to study the enzymatic starch hydrolysis in real-time without 

destruction, due to the excellent optical transparency of silica nanoparticles.37 Lin et al. 

also exhibited monolayer silica nanoparticles coated transparent LMs towards real-time 

monitoring of embryonic cells.38 However, these coatings are quite barren in functions 

and require complex preparation processes. In addition, the porosity of coating incurs 

rapid evaporation of constituents in the air, reducing the accuracy of LM based-

colorimetry and degrading the durability of LMs for translational research.39

Herein, we leverage on a facile, universal, and low-cost liquid marble in liquid 

(LMIL) strategy to break through the inherent opaqueness and evaporation drawbacks 

of LMs, realizing the real-time LM internal fluid observation and allowing for detection 

of biological and chemical molecules (Figure 1). In our previous study, we investigated 

LMs immersed into a liquid environment to boost their lifetime without compromising 
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their mechanical and physical properties, with precise temperature controllability for 

microreactor based applications.40 Surprisingly, LMIL stabilized with a thinner coating 

layer, can render real-time UV and fluorescent spectrophotometric evaluation. To 

further investigate and leverage this distinctive function of LMILs, we demonstrated 

multi-planar real-time monitoring of yeast cell culture within the spatial stereoscopic 

construction along with chemical reaction-based methylene blue (MB) degradation 

reaction. We anticipate the real-time monitoring with cell activities and analysis of 

reaction kinetics will be of paramount importance in biotechnological and 

stoichiometric chemistry processes.

Results and discussion

The hydrophobic shells of LMs are an essential prerequisite offering structural 

integrity by restricting LMs from wetting the external solid surface and functional 

benefits by impeding the physical information interaction for optical transmissibility. 

McEleney et al reported the construction of particle shells on droplets by tailoring 

particle size and density,41 and the results showed that even a fewer number of layer 

shell was expected to weaken the barrier of information transmission. Interestingly, in 

our previous study, LMs suspended in organic media showed similar constructed shell 

whose structural lifetime was pronounced and exhibited optical transparency.40 In this 

study, we adapted a new approach wherein LMs were stabilized by superhydrophobic 

CDs/POSS nanoparticles (luminescent carbon dots were functionalized with 

polyhedral oligomeric silsesquioxane),.11 The LM surface composed of yellowish 

CDs/POSS nanoparticles is still opaque in the air while transforming to ultra-high 
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transmission in a liquid environment (Figures 2a and 2b). We believe that the 

pronounced optical transmittance is due to tailored shell thickness and reduced 

agglomerated shell particles (Figures 2c and 2d). In addition, LMIL can be visualized 

using an oil immersion lens (Figure 2e); The optical transmissibility of HT-LMIL was 

investigated and compared to naked water droplet in liquid, and only in ultraviolet 

region, the transmittance gets reduced because of the CDs/POSS particles absorbance 

(Figure 2f). The inset verifies the transparent texture of water LMs in the organic 

reagent. Besides, an assortment of size particles generated transparent armors by HT-

LMIL method (Figure S1), overcoming the particle size restriction of present 

transparent LMs, which can only be formed by monolayer silica nanoparticles. Taking 

the transparency of a water droplet in oil as a benchmark, the normalized dye intensity 

of LMILs coated by whether nanoscale or microscale PTFE particles reached up to 80%, 

doubling that of same LMs in the air (Figure 2g). That implies the HT-LMIL strategy 

could expand the LM applications in multifunctional scenarios by a generally 

applicable way. 

LM-based cell culture can be regarded as a cell-compatible culture chamber 

compared to a bulk culture medium, owing to their structural advantage in mass and 

nutrient transfer.15 Therefore, by manipulating the system stability and environment 

variability in our earlier study, a long-term incubation of yeast cells was constructed in 

a continuous and multi-spatial stereoscopic environment of LMIL. As shown in Figures 

3a, the distribution of yeast cells in this 3D micro-environment can be directly 

visualized by layer-by-layer microscopic imaging. Observation of different cellular 
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behaviors such as penetration, migration, and adhesion within the culture medium can 

be clearly seen and traced in a high-throughput way within the 3D micro-environment 

and thereby diminishes the requirement of expensive 3D fluorescence microscopes. On 

the top layer, the dispersive cells were found to float in the culture medium rather than 

adhere to the aggregated particles (Figure 3b). A higher invasion of the suspended yeast 

cells can be readily captured from the middle plane of culture medium (Figures 3c and 

3d) with significant cell-cell adhesion and stacking observed at the bottom of the LMIL 

occurring after 30 min of incubation (Figure 3e). Additionally, at the bottom of LMs 

interface, there was no contact between the yeast cells and hydrophobic particles, 

avoiding the ingestion of stabilizers by the cells.38,42 . 

Importantly, the viability of yeast cells in a HT-LMIL can also be continuously 

and qualitatively tested and analysed by an intuitive methylene blue (MB) labeling43,44 

using normal microscopes, avoiding complex post-processing and parallel design of an 

MTT (3-(4,5-dimethylthiazol-2-y-l)-2,5-diphenyltetrazolium bromide) assay. As 

shown in Figures S2 a-c, the number of dead cells (blue cells) had no obvious increase 

during 4 h incubation. The time-varying cell viability between 3D LMIL culture and 

2D cell culture was also compared and shown in Figure S2d.  Along with the incubation, 

the live cell percentage in HT-LMIL was higher than that in the 2D petri dish, not only 

proving the feasibility of real-time monitoring of cell viability in LMIL but also 

suggesting promising biocompatibility of the hydrophobic CDs/POSS shell and oil.45,46 

Theoretically, compared to the naked sessile droplet on superhydrophobic surface 

or low moduli substrate (<1 kPa), it is believed that  particle composed viscoelastic 
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coating and stiff substrate (> 10 kPa) could induce cell 3D aggregation and even 

differentiation in a “one-pot” LM. 38,47,48 To confirm the advantages of LM 3D culture 

strategy by directly visualizing the above dynamic interactions in the LM bioreactor, a 

transparent LMIL-based bioreactor was applied for tracking cellular morphodynamics 

and density evolution during the incubation process. Herein a 10 μL LMIL filled with 

culture medium was used to in situ monitor3D yeast proliferation. As shown in Figure 

4a (i-vi), the yeast cells were stacked tightly as a bulk agglomeration and remained as 

a 3D bonded structure during the whole visualizing process. Specially, the budding 

reproduction of yeast cells in HT-LMIL was clearly recorded by a series of time-lapse 

images, as shown in Figure 4a iii and Figure S3. Statistically, both the individual cell 

size and agglomeration area increased firstly and then underwent a stationary phase, 

which is a signature feature of indicating the 3D aggregate formed in HT-LMIL 

possesses differentiation potential to diversify into functional cell subpopulations 

(Figure 4c).49 Compared to the hanging drop technique, which only generates a single 

cellular spheroid, an LM can yield several spheroids once with high reproducibility.12,42 

As demonstrated in Figures 4d and Figure S4, the yeast cells initially distributed 

uniformly in LMIL. Then, more groups of cells aggregated simultaneously, heralding 

the formation of multiple spheroids in HT-LMIL. The evolution of total cell population 

in the LMIL was also consistent with the typical cell growth curve from an exponential 

growth phase to a stationary phase, proving the high viability of yeast cells in HT-LMIL 

(Figure 4e).50

In order to further assess the technological importance of the LMIL-based bioassay, 
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we investigated the dynamic cellular processes  in HT-LMIL in a noninvasive manner 

by using Laser Scanning Confocal Microscopy (LSCM) technique.51 Also, there is less 

work being conducted to long-term monitor the dynamic variation of cellular functions 

and structures due to technical limitations such as high toxicity, irreversible 

photobleaching, and low labeling precision of established fluorescent dyes.52 In this 

work, emerging water-soluble N-doped luminescent carbon dots (N-CDs) with 

favorable stability and biocompatibility for photoluminescence (PL) bio-labeling53 

were dissolved in a culture medium containing the HT-LMIL with cultured cells for 30 

min. As shown in Figures 5a-5c and S5, we observed the internalization of N-CDs, 

whose fluorescence intensity (FI) in the yeast cells was found to be dynamic along with 

gemmation, which in turn facilitated the vital cellular activity monitoring.  We also 

observed a drastic cytoplasmic activity of the germinating cells which was marked by 

a decline in FI when compared to the newborn cells with more stable cell-wall (Figure 

5d). It is also worth noting that the shell particles of CDs/ POSS could also emit 

fluorescence in solid state, but interestingly, N-CDs worked only in solution (Figure 

S7), which implied aggregation-induced quenching of N-CDs was weakened by 

cladding with POSS. The presented method diminishes the need for an animal model 

approach towards the evaluation of the efficacy of cell-based therapies. Furthermore, 

uniting the great transparency and high-temperature tolerance of HT-LMIL with 

fluorescent N-CDs probes is conducive to expand its accessible applications to the real-

time quantitative polymerase chain reaction (qPCR) or other biochemical reactions.54-

56 
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Optical spectroscopy is another commonly used quantitative method for process 

monitoring due to its sensitivity to molecular vibration and electronic state.57 The as-

developed LMIL-based microreactor provides multifaceted behavior of real-time 

observation for bioreaction as well as, in situ spectroscopic characterization of chemical 

lab-in-a-drop. Here, we demonstrated the methylene blue (MB) degradation reaction in 

a 10 μL LMIL drop, with UV-vis absorption spectrometry monitoring internal process 

(Figure 6a). Figure 6b shows a marked decline in the absorption peak at 665 nm 

implying the reduction of MB content. The overall degradation process of MB by 

NaBH4 falls under a pseudo-first-order reaction and expressed as:                                 

 /  0 appln C C k t  (1)

where kapp and t refer to reaction rate constant and time, respectively. As shown in 

Figure 6c, a strong linear relationship between –ln(C/C0) and time indicates the 

feasibility of an LMIL-based in situ characterization platform with a color transition of 

inserts demonstrating the applicability of HT-LMIL as a microreactor, which is a 

unique characteristic of this system. Specifically, Figure 6d reveals the instantaneous 

MB detailed information during the reaction process, with much shorter 

characterization intervals (5s) adopted, suggesting the promising transparency triggered 

high detection sensitivity of LMIL-based reactors. Notably, there is a distinct difference 

between k1 (kapp for Figure 6b) and k2 (kapp for Figure 6d) from the fitted pseudo-first-

order reaction, which may be caused by an unevenly distributed concentration. 

Conclusion

In summary, we have demonstrated the potential of LMIL-based transparent 
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micro-bioreactor as a feasible platform for real-time microscopic observation. The 

interfacial re-configurability of LMIL is achieved by altering the density of 

hydrophobic shell particles which surround LMs with comparable transmittance like a 

naked water droplet. This mechanism is in favor of transforming LMs coated by diverse 

particles into perspective LMIL. An in situ visualization and real-time optical 

spectroscopic characterization of the HT-LMIL enables the observation of entire 

process of yeast cell culturing on a dynamic scale. The high cell viability of HT-LMIL 

maintained in time-varying process, imposing no toxicity of liquid-liquid interface and 

coating particles to the whole system.  Combined with its extended lifetime and precise 

control of the environmental reaction conditions, HT-LMIL creates a strong paradigm 

shift for in- situ observation of cell proliferation and 3D cellular spheroids development. 

Similarly, confocal microscopic studies as the HT-LMIL’s in situ monitoring platform 

gave an in-depth understanding of cell vital actability upon labeling with fluorescent 

carbon dots. Finally, a real-time transition information of methylene blue degradation 

also added another key character to our system. This novel study provides a unique and 

yet beneficial development of LMIL-based microscopic characterization as a versatile 

and feasible platform to be applied for a high-throughput real-time micro/bio-reactor, 

chemical analysis and process monitoring and warrants interest in the arena of 

bioengineering and analytical/physical chemistry.
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Experimental section
Materials

N-doped carbon dots (N-CDs, average size is 2.5 nm) and hydrophobic N-CD 

modified by POSS (CDs/POSS, average size is 6.6 nm) were prepared according to our 

previous work[39].11 The silica nanoparticles (2-40 nm) and different size PTFE particles 

(100-500 nm, 1-3 μm, and 12 μm) were purchased from SuYuan Chemical Co., Ltd 

(Dongguan, China). Methylene blue (MB) dye was purchased from Aladdin Chemical 

Co., Ltd (Shanghai, China). All the chemicals were used as received without further 

purification. Deionized water (DI water) prepared by a Hitech Laboratory Water 

Purification System DW100 (Shanhai Hitech Instruments Co. Ltd), was used for all 

experiments.

Generation of transparent liquid marbles in liquid.

The LMs were fabricated by classical shaking-rolling method. Firstly, 10 μL DI 

water dyed by MB (0.1 mg· mL-1) was rolled onto a bed of hydrophobic CDs/POSS 

particles, rendering the nanoparticles to attach at the liquid-air interface forming LMs. 

The constructed LMs were then transferred into octadecene to generate liquid marbles 

in liquid (LMIL). With a gentle shaking of LMIL, the transparent appearance was 

obtained. The LMIL coated by silica nanoparticles and different size PTFE particles 

were synthesized by same method. Their digital images were captured by a digital 

camera (Basler, ace acA1300-200um) equipped with a telecentric lens (Edmund Optics, 

Compact TL). The MB dye intensity of each sample in the air and in the oil was 

measured by Image J in triplicate to report the mean values.

Assessment of proliferation property of Yeast cells 

Electronic copy available at: https://ssrn.com/abstract=4026043



0.1mg·mL-1 dry yeast inoculum was cultured in 10 μL of LM along with 5 wt% 

glucose solution and transferred into octadecene. After few minutes, the LMIL was 

observed by an optical microscope for real-time morphological and functional studies 

at room temperature (26 ℃). The diameter of cells and area of cell aggregations were 

measured in triplicate by Image J every 50 minutes. Their mean values were calculated 

and plot with time.

Yeast cell viability test

The viability of yeast cells cultured in HT-LMIL bioreactor and 2D petri dish was 

tested by MB labeling with an optical microscope. Firstly, same density of cells were 

cultured in a HT-LMIL and a petri dish, respectively .Then, their culture mediums were 

treated by MB (0.1 mg· mL-1) for 10 mins, respectively. Samples were imaged at three 

different regions every hour. Their live cell number and total cell number in each image 

were counted and averaged. The comparison of cell viability percentage between 3D 

LMIL and 2D petri dish was expressed as: 

  .𝐶𝑒𝑙𝑙 𝑣𝑖𝑎𝑏𝑖𝑙𝑖𝑡𝑦 =
𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑚𝑢𝑏𝑒𝑟𝐿𝑀𝐼𝐿 𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟𝐿𝑀𝐼𝐿

𝐿𝑖𝑣𝑒 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟2𝐷 𝑝𝑒𝑡𝑟𝑖 𝑑𝑖𝑠ℎ 𝑇𝑜𝑡𝑎𝑙 𝑐𝑒𝑙𝑙 𝑛𝑢𝑚𝑏𝑒𝑟2𝐷 𝑝𝑒𝑡𝑟𝑖 𝑑𝑖𝑠ℎ
× 100%

In situ monitoring by laser scanning confocal microscopy (LSCM)

Likely, 10 μL LMIL containing 0.1 mg·mL-1 dry yeast and 5 wt% glucose 

solution was cultured at room temperature, then fluorescent N-CDs were added into the 

media. LSCM (TCS SP8, Leica, Germany; excited by 405 nm laser) was employed for 

the fluorescent visualization of cell vital activities.

Methylene blue degradation evaluation using UV-Vis spectroscopic method

10 μL of LMIL solution containing MB (0.1 mg·mL-1) and NaBH4 (1 mg·mL-1) 
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was directly transferred to UV-vis photo spectrometer (200 - 800 nm), and irradiated 

with UV-vis light to study the catalytic efficiency of the system. 
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Figure 1. Schematic illustration of highly transparent Liquid marble in liquid (HT-LMIL) microreactor for biological and 
chemical applications. Left: traditional liquid marbles in air (with low transparency); right: HT-LMIL with ultra-high 
transparency
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Figure 2. (a) Schematic diagram of transparency shift between LMs and HT-LMIL; Optical images of (a) 
10 μL LMs and (b)10 μL LMIL dyed with methylene blue (MB), respectively; Superficial particles of (c) 
LMs and (d) LMIL; (e) Operating principle of oil immersion lens for HT-LMIL; (f) Transmittances between 
LMIL and water drop in liquid. (g) Normalized MB dye intensity percentage of LMs coated by different 
particles in the air and in the oil. The benchmark is the dye intensity of water droplet in the oil.
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Figure 3. (a) Schematic diagram of layer-by-layer observation of 3D cell culturing in HT-LMIL; Microimaging of 
yeast cell from (b) plane a (top), (c) plane b (middle 1), (d) plane c (middle 2), and (e) plane d (bottom).
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Figure 4. Cellular morphodynamics analysis in HT-LMIL. (a) The dotted line 
and brown shaded area refer to the initial outline and real-time shape of bulk 
cells observed at (i) 0 min, (ii) 40 min, (iii) 80 min, (iv) 120 min, (v) 160 min 
and (vi) 200 min. (b) Cell diameters growth over culture time. (c) Area changes 
of 3D cell agglomeration over time. (d) Propagation process of yeast in LMIL 
(i) 0 h, (ii) 1 h, (iii) 2 h, (iv) 3 h and (v) 4 h. (e) Quantitative amount growth of 
yeast in HT-LMIL.
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Figure 5. Confocal monitoring of cell proliferation process labeled by N-CDs probes in HT-LMIL: (a) 0 
min, (b) 100 min, (c) 200 min, (d) Photoluminescence (PL) spectra of the individual living cell. Cell 
inside and full cell indicate PL intensity measurements without and with the cell wall, respectively.
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Figure 6. (a) Schematic diagram of spectrum detection of methylene blue (MB) degradation in HT-LMIL; (b) UV-vis 
absorption changes of MB dye solution degradation in LMIL under 60 min irradiation. (c) The plot of ln(C/C0) as a 
function of time with pseudo-first-order fitting. k1 is the reaction rate constant. The insets are optical images of MB 
degradation degree in 10 μL HT-LMIL at 10 min and 60 min, respectively. (d) UV-vis absorption changes of MB dye 
solution degradation in HT-LMIL over the shortest interval of irradiation time.
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Supporting Information

Figure S1. Optical pictures of 10 μL LMIL with methylene blue dye coated by particles with different sizes in the air and in the oil, 
respectively.
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Figure S2. Cell viability of yeast cells cultured under different incubation time in LMIL: (a) 0h. (b) 2h. (c) 4h. Using the methylene blue 
labeling, dead cells were dyed with blue color. (d) Quantitative comparison of cell viability cultured by LMIL and 2D petri dish. 
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Figure S3. Budding reproduction process of yeast cells in LMIL. (a) 0 min, (b) 60 min, (c) 120 min, (d) 180 min.
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Figure S4. The aggregation behavior of yeast cells cultured in LMIL.
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Figure S5. 3D cell cluster growing around along the surface of coated hydrophobic CDs/POSS shell particles.
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Figure S6. (a) Optical pictures of N-CDs and CDs/POSS, (b) Fluorescence phenomenon of N-CDs and CDs/POSS under excitation of 365 
nm
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