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Abstract 

The development of non-invasive techniques to characterize cultured cells is invaluable not only to ensure the reproducibility of cell 

research, but also for quality assurance of industrial cell products for purposes such as regenerative medicine. Here, we present a 

polymer-based ‘chemical tongue’, i.e., a biosensing technique that mimics the human taste system, that is capable of non-invasively 

generating fluorescence response patterns that reflect the proteins secreted, and also partially consumed, by cultured cells, even from 

serum-supplemented media containing abundant interferants. Analysis of the spent media collected during cell culture using our chemical 

tongue, which consists of cationic polymers of different scaffolds appended with environmentally responsive dansyl fluorophores, led 

to the successful (i) identification of human-derived cell lines, (ii) monitoring of the differentiation process of stem cells, even at the 

stage when conventional staining was negative, and (iii) detection of cancer-cell contamination in stem cells. Since the characterization 

of cultured cells is usually performed via invasive methods that result in cell death, our chemical-tongue approach, which is of high 

practical utility, will offer a new means of addressing the growing demand for highly controlled cell production in the medical and 

environmental fields. 

 

  



Introduction 

Cell culture is now an indispensable technology in areas ranging from basic laboratory research to industrial applications. 

The global market for biopharmaceuticals is expected to reach approximately $400 billion by 2024, and nearly 70% of the 

recombinant proteins on the market are produced by mammalian cells.1 The scale of the stem-cell industry, with a particular 

focus on tissue engineering and regenerative medicine, has also grown remarkably over the past decade.2,3 In recent years, new 

stem cell applications have emerged, such as the production of cultivated meat to minimize climate impact4 and the 

development of models for understanding SARS-CoV-2 pathogenesis.5 Thus, the demand for cell-culture technologies for the 

robust and efficient supply of high-quality cell products has increased. 

In general, the states of cells in culture are characterized using biochemical assays,6 gene-expression profiling,7 and 

immunostaining.8 However, these techniques usually require that cultured cells are subjected to processes that damage the 

cells, such as enzymatic detachment from the substrate, fixation, lysis, and/or exposure to staining agents. Such treatments are 

problematic in that they cannot be used for continued monitoring of the cells because they must be performed at the endpoint, 

and further precludes their subsequent use for other purposes. The development of non-invasive alternative techniques would 

be invaluable not only to improve the quality of cell products, but also to facilitate routine cell maintenance and identity 

assurance in laboratories, cell banks, and manufacturing plants.   

A key to the non-invasive characterization of cells is the detection of information presented externally by living cells. In 

this context, the so-called ‘secretome’, which is the entire set of proteins secreted into extracellular space, is an attractive 

target.9 Proteins secreted via various pathways indicate the intrinsic properties and condition of cultured cells, reflecting their 

physiological states and interplay with the environment. In-depth profiling of secretomes based on advanced proteomic 

techniques has found use in a wide variety of applications, including the discovery of cancer biomarkers10 and druggable 

targets11 as well as in alternatives to cell-based therapies.12,13  

We have recently reported that chemical-tongue strategies that mimic the human taste system are useful for secretome 

recognition.14–16 The chemical-tongue strategy is a recently emerged analytical technique based primarily on nonspecific 

interactions, in contrast to conventional specific-recognition-based sensing using antibodies and enzymes.17 A typical chemical 

tongue consists of an array of environmentally responsive probes, which mimics taste receptor cells, and pattern-recognition 

techniques, which mimic information processing in the brain.18 The conversion of the multifaceted interactions between the 

array and the analytes into optical responses, combined with statistical analysis of the resulting multidimensional optical 

response patterns, has enabled the accurate identification or classification of various bioanalytes ranging from isolated  

proteins19–23 and cells20,24–27 to complex serum samples21,28–30 and fermented beverages.31–33 Using the recognition of complex 

secretome compositions by chemical tongues, we have successfully detected stem-cell differentiation,14 fibroblast 

senescence,15 and drug responses in hepatoma cells16 in a non-invasive manner. 

One of the most common issues in secretome analysis is the significant masking of target proteins by high-abundance 

serum proteins. The addition of serum (e.g., fetal bovine serum) containing nutrients, cell adhesion molecules, and growth 

factors is still often essential for stable and efficient cell culture.34 One means to avoid interfering of small amounts of secreted 

proteins is the use of a serum-free medium,11,13,35 which we have used in our previous studies.14–16 However, cells usually 

show optimal growth and viability when cultured in serum-supplemented medium. Serum starvation disturbs cell signaling 

and growth,36 thus affecting protein expression and secretory profiles, which can result in unintended experimental biases.35 

Just as efforts have been made to address this issue in the proteomic analysis of secreted proteins,35,37 the development of 

chemical tongues to extract cell status information from serum-supplemented systems is a prerequisite for applications in more 

practical culture environments.   

 Here, we present chemical tongues that consist of polymeric probes that are capable of detecting compositional information 

on proteins secreted, and also partially consumed, by cultured cells despite being masked by a large amount of serum 



interferants (Fig. 1). Cationic polymers partially functionalized with environmentally responsive dansyl groups produced turn-

on fluorescence signals when mixed with serum-supplemented spent media collected during cell culture. Information mining 

to overcome serum interferences was accomplished by producing fluorescence response patterns using various polymer 

scaffolds with amino groups (different repeat units, block-copolymerization, dendrimerization) and then selecting distinctive 

interactions from the responses by pattern-recognition techniques. The analysis of the spent media by a chemical tongue 

consisting of these polymer probes led to the successful (i) identification of human-derived cell lines, (ii) monitoring of the 

differentiation process of stem cells (even at the stage when conventional staining was negative), and (iii) detection of cancer-

cell contamination in stem cells. 

 

 

 

Fig. 1. (A) Schematic representation of polymer-based chemical tongues for the optical recognition of serum-supplemented 
spent medium. The serum-supplemented media containing the proteins secreted by the cultured cells are mixed with 
dansylated-polymers in an array, and the resulting fluorescence response patterns are analyzed using pattern-recognition 
techniques to monitor stem cell differentiation. (B) Molecular structures of cationic polymers modified with environment-
responsive dansyl fluorophores. The ratios of dansyl modifications to lysine residues are shown in parentheses. 
 

Experimental section 

Materials and synthesis 

A detailed list of the materials used in this study is given in the supplementary information. Polymers modified with dansyl 

chloride (Dnc-polymers) were prepared according to literature procedures with slight modifications where necessary.38 Details 

of the synthesis and characterization of the Dnc-polymers are provided in the supplementary information. 

 

Preparation of spent media 

All cell lines were grown on a 10 cm diameter cell-culture dish (AGC Techno Glass Co.) in Dulbecco’s modified eagle 

medium (DMEM) supplemented with 10 vol% fetal bovine serum (FBS) and 1 vol% of a penicillin-streptomycin-neomycin 

(PSN) antibiotic mixture (DMEM++) in a humidified 5% CO2 incubator at 37 °C. The cells cultured under the following 

conditions were washed twice with Dulbecco’s phosphate-buffered saline (DPBS) (200 μL) and incubated with chemically 

defined CDCHO medium supplemented with 8 mM l-glutamine and 1.0 vol% FBS (300 μL) for 16–48 hours [for culture of 



the human lung adenocarcinoma epithelial cell line (A549; Table 1)] or 48 hours (others). Then, 250 μL of each cell-culture 

supernatant was collected and centrifuged at 3000 × g for 10 minutes. The supernatants were finally stored at -80 °C until use. 

The total protein concentrations in the spent media were quantified using the Bradford assay with Bradford reagent according 

to the manufacturer’s instructions. 

 

Table 1. Profiles of the cell lines used in this study. 

Cell line Origin Cell type 

A549 Lung Cancerous cell 
HepG2 Liver Cancerous cell 

HeLa Cervix Cancerous cell 

MG63 Bone Cancerous cell 

MCF-7 Breast Cancerous cell 

UE7T-13 Bone marrow Stem cell 

 

Culture of the A549 cells: A549 cells (0–6.0 × 104 cells/well) in DMEM++ were seeded on a 24-well tissue-culture plate 

(AGC Techno Glass Co.) and incubated for 48 hours in a humidified 5% CO2 incubator at 37 °C. Human-derived cell lines: 

Human-derived cell lines (6.0 × 104 cells/well) in DMEM++ were seeded on a 24-well tissue-culture plate and incubated as 

well. Mesenchymal stem cell line during osteogenic differentiation: Osteogenic differentiation of mesenchymal stem cells 

(UE7T-13)39 was carried out according to slightly modified literature procedures,14 using an osteogenic differentiation medium 

(0.1 μM dexamethasone, 10 mM β-glycerophosphate disodium salt hydrate, 0.2 mM (+)-sodium l-ascorbate, 0.005% DMSO 

in DMEM++) prepared according to a previous report.40 UE7T-13 cells (6.0 × 104 cells/well) in DMEM++ were seeded on a 

24-well tissue-culture plate and incubated as well. The cells were then incubated with the osteogenic differentiation medium 

or DMEM++ for 4, 8, and 12 days. The medium was changed every 72 hours. Mesenchymal stem cell lines contaminated with 

cancer-cell lines: UE7T-13 cells and human hepatoma carcinoma cells (HepG2) mixed in various proportions (total cell 

density: 6.0 × 104 cells/well) in DMEM++ were seeded on a 24-well tissue-culture plate and incubated as well. 

 

Cell staining 

Cell staining was carried out according to literature procedures.14 Prior to the staining of the UE7T-13 cells, the cultured 

cells were washed twice with DPBS (200 μL) and fixed with 4% paraformaldehyde (200 μL) for 15 minutes. The fixed cells 

were washed three times with distilled water (300 μL) and incubated in chilled methanol (300 μL) for 10 minutes. Finally, the 

cells were washed once with distilled water (200 μL) and soaked in 30 mM Alizarin Red S (the pH value was adjusted to ~6.4 

with KOH) (200 μL) for 15 minutes at 37 °C, washed with distilled water (200 μL), and then examined under an optical 

microscope (Primo Vert; Carl Zeiss) equipped with an AxioCam ERc5s camera (Carl Zeiss) and Axio Vision software (Carl 

Zeiss). 

 

Fluorescence responses of the polymers 

Fluorescence measurements were performed using a SpectraMax GEMINI XPS (Molecular Devices). After incubation of 

the solutions prepared under the following conditions (30 °C, 10 min), the fluorescence spectrum (λex/λem = 360 nm/480–675 

nm) or the fluorescence intensity (λex/λem = 360 nm/520 nm) was recorded at 30 °C.  

CDCHO medium: Solutions (200 μL) containing 2.0 μg/mL Dnc-polymers in 18–20 mM 3-morpholinopropanesulfonic 

acid (MOPS) buffer (pH = 7.4) or 18–20 mM 2-morpholinoethanesulfonic acid (MES) buffer (pH = 5.4) with 0–10.0 vol% 

CDCHO medium were prepared in each well of a 96-well NBSTM black microplate (Corning Inc.) using a PIPETMAX liquid 

handling system (Gilson Inc.). Human serum albumin (HSA): Solutions (200 μL) containing 2.0 μg/mL Dnc-polymers and 



HSA (0–32.0 μg/mL) in 19 mM MOPS buffer (pH = 7.4) with 5 vol% CDCHO medium were prepared as well. FBS: Solutions 

(200 μL) containing 2.0 μg/mL Dnc-polymers and FBS (0–0.20 vol%) in 19 mM MOPS buffer (pH = 7.4) with 5.0 vol% 

CDCHO medium were prepared as well. 

 

Chemical-tongue sensing 

Proteins: Aliquots (187.5 μL) of solutions containing Dnc-polymers (2.1 μg/mL) in 20 mM MOPS buffer (pH = 7.4) were 

deposited in the wells of a 96-well plate using a PIPETMAX system. After incubation (30 °C, 10 min), the fluorescence 

intensity was recorded using two different channels (Ch1: λex/λem = 320 nm/560 nm; Ch2: λex/λem = 360 nm/480 nm). 

Subsequently, aliquots (12.5 μL) of 320 μg/mL of the proteins in 4 mM MOPS buffer (pH = 7.4) with 80 vol% CDCHO 

medium were added to each well, and the fluorescence intensity was recorded after incubation (30 °C, 10 min). Spent medium: 

Aliquots (190.0 μL) of solutions containing Dnc-polymers (2.1 μg/mL) in 20 mM MOPS buffer (pH = 7.4) or 20 mM MES 

buffer (pH = 5.4) were deposited in the wells of a 96-well plate using a PIPETMAX system. After incubation (30 °C, 10 min), 

the fluorescence intensity was recorded using two different channels (Ch1: λex/λem = 320 nm/560 nm; Ch2: λex/λem = 360 

nm/480 nm). Subsequently, aliquots (10.0 μL) of the spent medium were added to each well, and the fluorescence intensity 

was recorded after incubation (30 °C, 10 min).  

These processes were performed six times for distinct samples to generate a training-data matrix. This training-data matrix 

was processed using linear discriminant analysis (LDA), hierarchical clustering analysis (HCA), and principal component 

analysis (PCA) in SYSTAT 13 (Systat Inc.). For holdout testing, four additional fluorescence patterns for each analyte were 

obtained and used as a test-data matrix. The test data were classified in groups generated by the remaining training matrix 

according to their shortest Mahalanobis distances. HCA dendrograms were created based on the Euclidean distances using the 

Ward method and a dataset standardized prior to analysis using the following equation: z = (x – μ)/σ, where z is the standardized 

score, x the raw score, μ the mean of the population, and σ the standard deviation of the population. 

Results and discussion 

Design of chemical tongue 

Since approximately half of human proteins, including extracellular proteins, are negatively charged at pH  7,41 it would 

be reasonable to select cationic polymers that can interact electrostatically at multiple points as scaffold materials for 

recognizing proteins secreted from cultured cells. Their ability to bind tightly by multipoint contacts can selectively provide 

information on large constituents, such as proteins, from culture media that contain numerous molecules that differ with respect 

to size. We have previously demonstrated that cationic poly-L-lysine (PLL) modified with dansyl groups is useful for 

transducing the properties of proteins38 and cell surfaces42 into fluorescence patterns. We hypothesized that further advances 

in this strategy would be crucial for the successful application of chemical tongues to serum-supplemented cell culture media, 

which are more challenging and complex sample.  

As a strategy for creating an effective chemical tongue while keeping synthesis efforts as low as possible, we herein propose 

an approach for the diversification of scaffold materials (Fig. 1B). PLL with different repeat units (P1–P3), a block copolymer 

of polyethylene glycol (PEG) and PLL (P4), as well as a poly(amidoamine) (PAMAM) dendrimer (P5) were used; 11–12% 

of the amino groups were modified with environmentally responsive dansyl groups. The use of polymeric scaffolds with 

different numbers of repeat units (i.e., P1 to P3) was expected to aid in the selective extraction of information from proteins 

of different sizes because of their different multipoint interaction properties. The introduction of PEG segments into PLL (P4) 

should limit the size of the complex with proteins, as has been exemplified using polyion complexes for micellization in drug 

delivery systems.43,44 Dendrimer P5, unlike the other flexible linear polymers, is spherical and rigid, thereby limiting its 



interaction modes. These differences in material properties should help to provide unique interaction patterns even for 

challenging analytes.   

 

Fig. 2. Typical responses of a Dnc-polymer to FBS. Fluorescence spectra of P1 (2.0 μg/mL) upon addition of FBS (0–0.2 
vol%) in 19 mM MOPS buffer (pH = 7.4) with 5.0 vol% CDCHO; λex = 360 nm. The volume fraction of FBS shown in red, 
i.e., 5.0 vol% of spent CDCHO media supplemented with 1.0 vol% FBS, was chosen as the final concentration of spent medium 
to be added in the chemical-tongue analyses. 
 

 

Fig. 3. Fluorescence responses of Dnc-polymers (2.0 μg/mL) to 5.0 vol% spent media (collected after 48 h of incubation of 
A549 cells (seeded at 0–6.0 × 104 cells/well)) supplemented with 1.0 vol% serum in 19 mM MOPS buffer (pH = 7.4); λex/λem 
= 360 nm/480 nm. Mean values ± SD (n = 6; two-tailed, unpaired, Student’s t-test; ***P < 0.001, ****P < 0.0001; 6×104 
cells/well vs. no cells). 
 

 

Initially, we examined the applicability of these Dnc-polymers in a chemical tongue. None of the Dnc-polymers responded 

to the cell culture medium itself (chemically defined CDCHO medium) even at 10.0 vol% (Fig. S1), but their fluorescence 

intensity increased with increasing protein concentration in the presence of 5.0 vol% CDCHO medium (Fig. S2). These 

responses should be due to a decrease in the polarity of the microenvironment around the dansyl groups on account of the 

binding of the Dnc-polymers to the proteins, as previously indicated.38,45 Furthermore, the responses of the Dnc-polymers 

varied depending on the type of protein, thereby allowing the generation of response patterns specific to the proteins (Fig. S3). 

 Since the protein properties can be successfully converted into turn-on fluorescence responses in serum-free medium, we 

attempted the application of the polymers to serum-supplemented medium. The addition of FBS to the Dnc-polymers caused 

an increase in fluorescence intensity, presumably due to nonspecific binding with the serum constituents (Figs. 2 and S4). 

Based on these results, we determined the conditions for analyzing the serum-supplemented spent medium; spent CDCHO 

medium supplemented with 1.0 vol% FBS was added to aqueous solutions containing individual Dnc-polymers to give a final 



medium volume fraction of 5.0 vol%. Under these conditions, the Dnc-polymers exhibited some fluorescence enhancement, 

but when lung adenocarcinoma A549 cells (Table 1) were seeded and cultured in this medium for 48 h, the amount of 

fluorescence change increased significantly with increasing seeding density (Fig. 3). This increase is most likely due to the 

secretion of proteins from the cells into the medium. The changes in the fluorescence response depend on the culture time, 

suggesting gradual secretion into the medium (Fig. S5A). We also confirmed that in the absence of cells, the responses changed 

little with increasing incubation time (Fig. S5B). 

 

Identification of cell lines based on an analysis of serum-supplemented spent media 

After confirming that the information from the components secreted by the cultured cells was transduced to fluorescence 

signals even in the presence of serum interference, we attempted to recognize the individual cell lines using the chemical-

tongue strategy. We selected six human-derived cell lines (Table 1) and compared them to the case when no cells were seeded. 

For the sensing procedure, each medium (5.0 vol%) was mixed with a specific Dnc-polymers (2.0 μg/mL) in 19 mM MOPS 

buffer (pH = 7.4) in a 96-well plate. Fluorescence signals from each medium/polymer combination were recorded as the 

difference in fluorescence intensity before and after the addition of the analytes (I-I0) using two different channels [Ch1: λex/λem 

= 320 nm/560 nm; Ch2: 360 nm/480 nm], generating a dataset of 6 replicates × 5 polymers × 2 channels × 7 analytes. Because 

the change in polarity not only increases the fluorescence intensity of the dansyl groups but also results in a characteristic peak 

shift, we assumed that more diverse information could be produced by measuring the fluorescence signals at different 

wavelengths. 

The fluorescence responses are summarized visually in the form of a heat map in Fig. 4A. The response patterns of the 

spent media used to culture human cell lines were clearly different from those of fresh media and from each other. Overall, the 

responses to the media in contact with HepG2 and A549 were markedly higher than those for fresh media, whereas the Dnc-

polymers exhibited similar- or even reduced-intensity responses to the other cells compared to their responses to fresh media. 

Since the total protein concentrations in the collected spent media were not reduced as a result of contact with the cells (Fig. 

S6), the observed decreases in fluorescence response may be attributed to consumption of serum proteins by the cultured cells 

and/or secreted proteins that mask the interaction between the serum proteins and Dnc-polymers. 

 

 

Fig. 4. Optical pattern recognition of serum-supplemented spent media used to culture human cell lines. (A) Heat map of the 
fluorescence response patterns of the six spent media collected after culturing different cell lines (6.0 × 104 cells/well) and 
one fresh medium (5.0 vol%) in 19 mM MOPS buffer (pH = 7.4). For each analyte, six independent experimental values are 
shown. (B) LDA score plot for the spent media for human cell lines. (C) HCA analysis of the sensing elements. A hierarchical 
clustering dendrogram was created using a standardized dataset of 10 elements × 7 culture media × 6 replicates. 

 



 

 We subsequently subjected the response patterns to LDA to clarify the statistical differences among the generated 

response patterns. LDA is a representative pattern-recognition algorithm used to provide graphical output for describing the 

similarity of the data.17 In a three-dimensional LDA score plot (Fig. 4B), each point represents the fluorescence response 

pattern of a single analyte in the chemical tongue. The first three discriminant scores account for >97% of the total variance 

[score (1): 83.7%; score (2): 10.4%; score (3): 3.2%]. In other words, most of the information in the ten-dimensional data (5 

polymers × 2 channels) is represented by the 3D plot. The plot provided seven well-separated clusters corresponding to the 

individual media. This result indicated statistically significant differences between the response patterns. 

In order to quantitatively validate the applicability of the chemical tongue to discriminate the media, two different tests 

were performed, i.e., a leave-one-out cross-validation test and a holdout test,46 which afforded 98% and 96% classification 

accuracy, respectively. It should also be noted here that this discrimination did not derive solely from the amount of proteins 

secreted (Fig. S6). Therefore, these results suggest that our Dnc-polymer-based chemical tongue has the ability to recognize 

intrinsic information from cell-specific protein secretions, even in the presence of large amounts of potentially interfering 

serum proteins and/or potential consumption of serum proteins. This ability is critical to the feasibility of chemical tongues for 

the non-invasive monitoring of cultured cells. 

Then, unsupervised HCA17 was performed on the 10 elements (5 polymers × 2 channels) in an attempt to understand how 

the differences in the polymer scaffolds and detection channels affect pattern generation (Fig. 4C). In this dendrogram, the 

calculated distances between the sensing elements correspond to similarities in the fluorescence responses to the analyte media. 

Except in the case of P5/Ch1, clusters were observed for each detection channel (Ch1 and Ch2), indicating that the difference 

between the detection channels significantly contribute to the generation of unique responses. This trend is also replicated in 

the factor loadings calculated using PCA (Fig. S7). The polymers P1/P4 and P2/P3 were clustered independently of the channel. 

The lower-molecular-weight P1 and P4 with a PEG segment are assumed to be less aggregative than P2 and P3, which may 

possibly be reflected in the responses. It should also be noted here that the relationship between these elements varies with the 

analyte and that differences in the scaffolds may contribute more (vide infra). 

 

Monitoring the differentiation processes of stem cells 

Mesenchymal stem cells (MSCs) are capable of differentiating not only into mesodermal lineages, such as osteoblasts, 

chondrocytes, adipocytes, and myocytes, but also into ectodermal lineages including neurons in vitro.47,48 MSCs have been 

rapidly adopted in clinical trials, especially in the areas of regenerative medicine and cancer treatment, and are expected to 

address the unmet needs of modern medicine in the face of an aging society.47,49 Because the quality of MSCs is susceptible 

to differences in culture conditions, the processing of MSCs in medical applications, like other therapeutics, must be conducted 

in accordance with good manufacturing practices, and requires extensive regulatory efforts.47,49 

Thus, targeting the osteogenic differentiation process of human-bone-marrow-derived MSCs, which is closely related to 

the treatment of bone diseases,50 we examined whether our chemical tongue is capable of tracking the changes in cell state 

over time. When human-bone-marrow-derived MSCs (UE7T-13) were induced to differentiate into osteoblasts using a 

conventional method,14,40 calcium deposition, which is indicative of differentiation into osteoblasts, was first observed on day 

12 (Fig. 5A). In contrast, UE7T-13 cells maintained in normal medium were not stained at all (Fig. 5A). Because the use of 

these stains involves destructive cell fixation, it would be desirable to be able to estimate the stage of induction non-invasively, 

ideally prior to endpoint staining. With this in mind, we carried out the recognition of spent media at different time points of 

differentiation induction (day 1, 4, 8, and 12) using our chemical tongue. 

 



 

Fig. 5. Optical pattern recognition of serum-supplemented spent media collected at differentiation induction periods. (A) Bright 
field micrographs of UE7T-13 cultured in normal and differentiation media for different numbers of days. Cells were stained 
with Alizarin Red S; scale bar = 200 μm. (B) Heat map and the resulting LDA score plot of the fluorescence response patterns 
of seven spent media collected during the osteogenic differentiation culture and one fresh medium (5.0 vol%) in 19 mM MES 
buffer (pH = 5.4). UE7T-13 was seeded and the medium was replaced with induction medium after two days (d1); culturing 
was continued for 12 days. The ellipsoids represent the confidence intervals (±1 SD) for each analyte. For each analyte, six 
independent experimental values are shown. (C) Total protein concentrations in the collected media. Statistical analysis was 
performed with one-way ANOVA followed by Tukey’s multiple comparison test (mean values ± 1 SD; n = 6, ns: not 
significant). (D) HCA analysis of the sensing elements. A hierarchical clustering dendrogram was created using a standardized 
dataset of 10 elements × 8 culture media × 6 replicates. 

 

 

 Chemical tongue analysis under the conditions used to distinguish cell types (Fig. 4) resulted in several clusters 

overlapping, with a leave-one-out cross-validation test and a holdout test giving accuracies of 83% and 84%, respectively, 

indicating poor discrimination performance (Fig. S8). To further improve the accuracy, we focused on the pH of the aqueous 

solutions. We have previously reported that the response patterns of proteins can be effectively diversified under acidic 

conditions.38,51 These improvements are likely related to changes in the surface charge of many proteins upon decreasing the 

pH value, which in turn modulates the affinity toward the charged polymer probes. Accordingly, we then investigated the 

chemical-tongue analysis under weakly acidic conditions (pH = 5.4), where the polymers exhibit no responses to the CDCHO 

medium itself (Fig. S9). 

The resulting heatmap at pH = 5.4 shows a marked color change with increasing number of days elapsed (Figs. 5B and 

S8A). Statistical analysis of the fluorescence response patterns using LDA revealed a clear separation of clusters with improved 

classification accuracies (96% and 94% for a leave-one-out cross-validation test and a holdout test, respectively). 

 Furthermore, the LDA plot showed different cluster migration behavior for the normal-medium and differentiation-

medium groups (Fig. 5B); the clusters moved primarily in the negative score (1) direction for the normal medium. In contrast, 

when osteogenic differentiation was induced, the migration was similar to that observed using the normal medium at day 4, 

but then changed direction and moved in the positive and negative score (1) and score (2) directions, respectively. There were 

no significant differences in the total protein concentrations in the spent media with or without induction at any of the measured 

time points (Fig. 5C), indicating that the reorientation of the cluster trajectory in the LDA plot was predominantly due to 

changes in the secretome compositions associated with induction.  

Importantly, our chemical tongue captured information suggesting that the induction of differentiation was already 

underway at day 8, before it could be detected by the commonly used calcification-staining technique. The ability to distinguish 



changes in cell states, which are usually identified using multiple marker molecules, with a single technique is a distinct 

advantage of our chemical tongue, in addition to its non-invasive nature. 

The HCA dendrogram (Fig. 5D) and a loading plot (Fig. S10) of the chemical-tongue elements revealed that the 

contributions of the polymer scaffolds and detection channels are substantially different from those in the case of cell-type 

discrimination (Figs. 4C and S7); the clusters of the scaffolds and channels were intermingled in the dendrogram, suggesting 

that the adoption of different polymer scaffolds plays a more important role in differentiation monitoring. 

 

Detection of cell contamination 

Cross-contamination by different cells remains a serious problem that reduces the reproducibility of cell studies,52,53 which 

is also an issue in the clinical utility of MSC-based products.54 For example, cross-contamination of sarcoma cell lines into 

MSCs has mistakenly been interpreted as MSC transformation, causing major confusion in the corresponding fields.55 As long 

as humans are involved in the experiments, these problems are inevitable, and it would thus be desirable to be able to detect 

contamination quickly and accurately even during routine culturing. 

Therefore, we used our polymer-based chemical tongue to detect the cross-contamination of cancer cells in MSCs. A LDA 

plot of serum-supplemented media exposed to model cell samples with different ratios of UE7T-13 and HepG2 cells provided 

separate clusters for each composition (Fig. 6A; for a heat map, see Fig. S11). A leave-one-out cross-validation test and a 

holdout test consistently afforded relatively high classification accuracies (97% and 90%, respectively). In addition, a PCA 

analysis excluding the fresh medium data showed cluster migration proportional to the contamination ratio (r = 0.993; Fig. 

6B), indicating the possibility of quantifying the degree of contamination via regression analysis based on machine-learning 

techniques.   

 

Fig. 6. Optical pattern recognition of serum-supplemented spent media used to culture mixtures of stem cells and cancer cells. 
(A) LDA score plot for the four spent media collected after culturing mixtures of UE7T-13 and HepG2 (total density: 6.0 × 
104 cells/well) and one fresh medium (5.0 vol%) in 19 mM MOPS buffer (pH = 7.4). For each analyte, six independent 
experimental values are shown. The ellipsoids represent the confidence intervals (±1 SD) for each analyte. (B) HepG2 ratio vs 
PC score (1) when only the four spent media were analyzed. 
 

Conclusions 

In summary, we have developed a chemical tongue, i.e., a biosensing technique that mimics the mammalian taste system. 

Our chemical tongue uses cationic polymers of different scaffolds appended with environmentally responsive dansyl 

fluorophores to generate fluorescence response patterns that reflect the secretory protein compositions unique to cultured cells, 

even in serum-supplemented media that contain abundant interferents. Our polymer-based chemical tongues are not only able 



to distinguish cell-line types, but also allow monitoring the differentiation process of mesenchymal stem cells, even at the 

stage when conventional staining is negative, and detection of cancer cell contamination of stem cells without damaging the 

cells. Importantly, this method does not involve a cumbersome sample-preparation process and can be performed quickly and 

easily with common laboratory equipment. Considering that the characterization of cultured cells is usually carried out via 

invasive methods that result in cell death, our chemical-tongue approach, which is characterized by high practical utility, can 

be expected to provide a new means to aid the industrial production of cell products, whose demand is growing continuously 

in the medical and environmental fields. 
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