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Abstract 
Bacterial natural products have long been the foundation for many therapeutic agents. 
However, traditional culture-based approaches to discovering these products have 
been deprioritised by pharmaceutical companies, primarily due to the high rates of 
rediscovery. To revitalise the pipeline of new drugs, especially antibiotics - an area 
where natural products have historically played a crucial role - new technologies are 
essential. Culture-independent, or metagenomic, techniques combined with long-read 
sequencing technologies are now enabling the identification of novel biosynthetic 
gene clusters (BGCs). When paired with the heterologous expression of DNA 
extracted directly from environmental samples (eDNA), these approaches may 
provide access to untapped microbial biosynthetic diversity.  
This review explores industrial screening for new compounds and examines how 
modern technologies such as metagenomics, in situ cultivation, and pico-droplet-
based screening are advancing the search for novel natural products. These 
approaches have the potential to greatly expand the discovery of new bioactive 
compounds, helping to address the growing need for new therapeutic agents. 
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1. Introduction

 1 
Microbes have long been exploited for their natural products and through extensive 2 
industrial efforts provide many of the compounds currently used in medicine and 3 
agriculture. These compounds exhibit diverse chemical structures and possess a wide 4 
range of biological activities that have significantly contributed to the development of 5 
numerous drug classes, such as antibacterial, anticancer, and anti-cholesterol agents. 6 
Approximately one-quarter of all FDA-approved drugs are either nature-derived, or 7 
nature-inspired compounds (1). Of these natural products, bacteria and fungi have 8 
provided numerous clinically used antibiotic scaffolds. Most of these were discovered 9 
between 1940 and the early 1960s, a period now referred to as the “Golden age” of 10 
antibiotic discovery. Actinobacteria, and especially the genus Streptomyces, have 11 
been an especially prolific source of compounds producing well-known antibiotics 12 
such as tetracycline, erythromycin, chloramphenicol, and streptomycin (Figure 1) (2, 13 
3). Most of these compounds were isolated from microbes residing in soil or 14 
sediments using “traditional” fermentation and plate-based methods. These methods 15 
were for decades an excellent source of diverse and potent new molecules (4). This 16 
productive era was followed by a ∼40-year innovation gap, during which no new 17 
antibiotic scaffolds were introduced. The frequent rediscovery of known compounds 18 
led to the belief that this discovery pipeline was exhausted. This contributed to a 19 
decline in interest from pharmaceutical companies, particularly as synthetic and 20 
combinatorial chemistry techniques emerged, promising faster and more targeted drug 21 
discovery approaches (5). Unfortunately, these approaches have largely failed and 22 
given the growing global issue of antimicrobial resistance and its serious implications 23 
for human health, the discovery of new natural products is essential to address this 24 
global health challenge (6).  25 
 26 
In this review we aim to discuss several related sectors where technological 27 
developments could have a profound impact on the discovery of natural products and 28 
hopefully lead to the re-entry of industry back into the natural product sector.  29 
 30 

1.1 Industrial Natural Product Discovery Endeavours  31 

 32 



The discovery of antibiotics dates back to 1928 when Alexander Fleming first 33 
reported the serendipitous discovery of the antimicrobial potential of penicillin from 34 
Penicilliun notatum against Staphylococcus aureus (7). The development of it as a 35 
“miracle drug” was however, pioneered by the pathologist Howard Florey and the 36 
biochemist Ernst Chain (8), who shared the 1945 Nobel Prize with Fleming. The 37 
search by Florey and Heatley in collaboration with the US Department of Agriculture 38 
for new sources of penicillin led to the discovery of Penicillium chrysogenum, on a 39 
mouldy cantaloupe melon, which produced 200 times more penicillin than any source 40 
tested previously. Shortly after, the methodology underpinning the “Golden Age” of 41 
antibiotic discovery was developed by Selman Waksman who reported the discovery 42 
of streptomycin from a soil bacterium (9).  43 
 44 
Antibiotics were defined by Selman Waksman in 1947 as “a chemical substance, 45 
produced by micro-organisms, which has the capacity to inhibit the growth of and 46 
even to destroy bacteria and other micro-organisms" (10). Following their 47 
widespread use in medicine, a more modern definition evolved “a medical chemical 48 
compound that at low doses is able to selectively kill or inhibit growth of targeted 49 
bacteria with little to no impact on the patient”. Antibiotics are a cornerstone of 50 
modern medicine, demonstrated by the partitioning of the history of medicine into 51 
pre- and post-antibiotic eras. Streptomycin`s introduction in 1945, is a clear example of 52 
this: the mortality rates associated with tuberculosis decreased from 39.9 deaths per 53 
100,000 population in 1945 to 9.1 deaths per 100,000 between 1945 to 1955 (11). 54 
 55 
The “Waksman Platform” involves the plating out of soil isolates onto agar plates and 56 
the selection of bacterial colonies capable of producing antibiotics. The presence of 57 
antibiotics is inferred through visual identification of zones of inhibition/clearance 58 
zones affecting bacterial colonies surrounding producer strains. More advanced assay 59 
formats incorporate Ehrlich’s idea of identifying compounds capable of targeting 60 
specific pathogens, so that the producer strains are screened against a pathogen of 61 
interest, generally by spotting extract from the producer strain onto a growing lawn of 62 
a target microorganism. 63 
 64 
The simple binary live/dead assay format readout means that the platform is 65 
empirical i.e., target neutral, and is thus unlimited by antibiotic mode of action. 66 
Consequently, it has been used to identify many classes of compounds with different 67 
modes of action which may be determined after the compound has been identified and 68 
isolated. Although it is relatively low innovation, low-throughput, and “low tech” the 69 
“Waksman Platform” was widely adopted and subsequently formed the basis of the 70 
pharmaceutical industry’s antibiotic discovery programmes for the next 30 years. The 71 
factor limiting the approach was largely due to the lack of available shaker space used 72 
to culture liquid bacterial cultures e.g. Eli Lilley was limited to screening 35,000 73 
cultures per year due to this bottleneck (4). Most of this research was undertaken by 74 
pharmaceutical companies meaning much of the data has never been published (4, 75 
12). However, an informed estimate suggests 10-20 million compounds were screened 76 
(4). Eli Lilly is reported as having screened 1,000,000 samples over a 30 year period (5, 77 
6) and by the mid 1990’s Abbott had screened ~400,000 (4). Over a period of 30 years, 78 
it is estimated 1,000-10,000 natural products that had antibacterial or antifungal activity 79 
were identified, including 50-100 compounds that were ultimately approved for 80 
therapeutic use (12). These include some of the most important classes of present-day 81 
antibiotics. 82 



 83 
However, by the 1970’s it was however clear that the pipeline was running dry and 84 
already known compounds formed an increasingly large proportion of identified hits (12) 85 
necessitating dereplication screens to filter out already identified antibiotics (13, 14). 86 
Fewer than two dozen novel natural products, or derivatives thereof, were developed as 87 
drugs from 1970-2000 and of these only one, daptomycin, which was discovered in 88 
1987, (15) and introduced into clinical use 2007, represented a novel antibiotic 89 
scaffold. Consequently, the industry switched to screening methods which were 90 
essentially the reverse of the Waksman Platform where libraries of natural product 91 
compounds, and synthetic compounds synthesized by combinatorial chemistry, were 92 
tested for their ability to inhibit particular cellular functions, as proposed by Cohen 93 
(16). This approach was facilitated by the availability of bacterial genome sequences 94 
starting with Haemophilis influenzae in 1995, which allowed the identification of 95 
essential genes conserved across bacterial species which were thought to be likely 96 
targets for antibiotics. 97 
 98 
The effort invested in this approach was enormous: it is estimated that between 1996 99 
and 2004 34 companies carried out 125 screens on 60 different bacterial targets (17). 100 
Between 1995-2001, GSK alone  ran 67 high- throughput programmes against 101 
antibacterial targets screening a library of between 260,000-530,000 compounds 102 
generating only 16 hits that produced 5 leads none of which were clinically 103 
developed (18). This lack of success was replicated elsewhere and despite these 104 
strenuous efforts by Big Pharma no new antibiotics were approved for clinical use 105 
(12). There are thought to be several reasons behind the failure of the combinatorial 106 
chemistry/high-throughput screening approach which have been well reviewed 107 
elsewhere (4, 12, 18), but briefly: firstly, the low chemical diversity of compound 108 
libraries generated by combinatorial chemistry, many of which exhibit similar 109 
structural/physical characteristics and conform to Lipinski’s “Rule of Five” which 110 
predicts the likelihood of a molecule being able to likely to work as orally 111 
deliverable drug (18, 19). Natural product compounds are generally more diverse and 112 
often do not follow to Lipinski’s “Rule of Five” (18, 20). Secondly, re-evaluations of 113 
the vital bacterial genetic targets indicated that these targets were frequently 114 
redundant or were poorly conserved across species (18). Thirdly, when hits were 115 
identified, they often turned out to be non-specific membrane-active agents e.g. 116 
detergents or uncoupling agents, and lastly compounds that worked well in vitro 117 
often turned out to be ineffective in vivo, due to  membrane effects  i .e .  118 
ei ther  them being unable to penetrate the bacterial cell membrane or being pumped 119 
out of the cytoplasm by efflux pumps (18, 21). 120 
 121 
The failure of the combinatorial chemistry/high-throughput screening approach and 122 
the diminishing returns along with the relatively limited profit margin of antibiotics 123 
meant that many of the major pharmaceutical companies largely abandoned 124 
antibiotics discovery pipelines altogether (22). While smaller biotechnology firms and 125 
academic researchers have continued, the overall pace of antibiotic discovery has 126 
slowed. The rise of antibiotic resistance and the reduced number of new antibiotics 127 
entering the market have created a significant public health challenge, as new classes 128 
of antibiotics are urgently needed to combat multidrug-resistant bacterial infections.  129 
This has refocused antibiotic attention on application of the Waksman Platform to 130 
hitherto untouched subject material and its combination with new technologies.  131 
We now know that traditional culturing methods can only grow a fraction of microbial 132 



species found in nature. Many microbes are unculturable due to their specific 133 
environmental requirements or symbiotic relationships with other organisms. Also, 134 
with the advent of whole genome sequencing it became evident that the genomes of 135 
many organisms and especially Actinobacteria are rich in biosynthetic gene clusters 136 
(BGCs) (23). A recent bioinformatic study of ~170,000 known bacteria genomes and 137 
~45,000 metagenome assembled genomes (MAGs) identified a vast number of novel 138 
BGCs and estimated that only 3% of the natural products encoded in these genomes 139 
have been experimentally characterised, let alone investigated for medical potential 140 
(24). Therefore, the majority of BGC diversity remains unexplored, representing a 141 
significant untapped resource for drug discovery.  142 
 143 
 144 

2. Metagenomics 145 

 146 
Metagenomics is the study of genetic material recovered directly from environmental 147 
samples, such as soil, water, or human-associated microbiomes, and bypasses the 148 
necessity of isolating and culturing individual organisms. Microbial communities, 149 
particularly those in diverse and underexplored environments, are likely to harbour a 150 
wealth of bioactive molecules with therapeutic potential. This realisation has spurred 151 
significant interest from biotech companies, which recognise the potential of these 152 
microbial-derived compounds. This approach is particularly valuable because the vast 153 
majority of microbes in natural environments, estimated to be over 99%, are either 154 
difficult or impossible to culture in laboratory conditions (25-27). 155 
 156 
Metagenome analysis has typically been performed by amplifying and sequencing the 157 
16S ribosomal RNA (rRNA) gene, first utilised in the 1970s by Carl Woese to classify 158 
organisms based on evolutionary relationships (28). The 16S rRNA gene is present in 159 
all prokaryotes and is highly conserved across species, making it an ideal marker for 160 
identifying and classifying bacteria. In metagenomic studies, hypervariable regions of 161 
the 16S rRNA gene (~200 bp) are often amplified and then sequenced using accurate 162 
short-read sequencing technologies. This method has become a foundation of 163 
metagenomic phylogenetic analysis and has significantly advanced our understanding 164 
of microbial community structures and their functional roles across multiple 165 
microbiomes from the human microbiome to extreme habitats (29-31). A rough 166 
estimate of bacterial diversity using 16S rRNA gene sequencing suggests that there 167 
may be between 10,000 to 50,000 bacterial species in a gram of soil, with some 168 
estimates going even higher, depending on the source and complexity of the soil 169 
sample (32-34). A recent study of the ocean microbiome estimates that about one-170 
quarter of the population of microbial cells on Earth belong to phyla with no cultured 171 
relatives (35). With only around 23,000 unique bacterial species currently listed in the 172 
NCBI database it is clear that there is vast and as yet untapped diversity of bacteria 173 
which can be utilised for biotechnology purposes and that most bacterial species 174 
remain uncharacterised and/or unculturable. While 16S rRNA metagenomic studies 175 
are crucial for large scale diversity estimation, they do not provide information 176 
regarding BGC diversity or prevalence and the short sequencing reads cannot provide 177 
identification to the species level.   178 



 179 
Shotgun metagenomics overcomes many of these problems and unlike 16S rRNA 180 
sequencing, which focuses on a specific marker gene and uses PCR amplification, 181 
shotgun metagenomics sequences all the genetic material in a sample without 182 
amplification (35, 36). Although unbiased, the sequencing depth needs to be high and 183 
is therefore significantly more expensive than traditional approaches (37), and either 184 
long or short read sequencing technologies can be utilised. The main bioinformatic 185 
steps are read assembly and classification. Often the sequencing reads are assembled 186 
using tools such as metaSPADES (38) for short reads, or metaFlye for long reads (39). 187 
The resulting contigs can be classified by tools such as Kraken (40), Diamond (41) 188 
and visualised with MEGAN (42). When sequencing depth is sufficient this approach 189 
allows the reconstruction of entire microbial genomes called “metagenome assembled 190 
genomes” (MAGs) and the function of the coding genes can be predicted. Tools like 191 
antiSMASH and Prism (43, 44) enable the identification of BGCs within 192 
metagenomic datasets, and these can be compared to the MIBiG database (45) to 193 
enable dereplication, and gene networking tools such as  BiG-SCAPE (46) and BiG-194 
SLiCE (47) can be used to assess similarity and relationships to related BGCs. 195 
Bioinformatic analysis of metagenomic sequence data using these tools has indicated 196 
that there is a huge amount of BGC diversity which has not been discovered through 197 
traditional routes (24). It is clear that we do not have a good understanding of the role 198 
of these BGCs in the environment, for example a study looking at BGC diversity 199 
across prokaryotic genomes unexpectedly found that gene clusters responsible for 200 
producing aryl polyene carboxylic acids constitute the largest BGC family in the 201 
sequence databases (48), and exactly what biological function these compounds have 202 
is still yet to be determined.  203 
 204 
A recent study exemplifies the power of a long read BGC-centred approach, 205 
particularly in challenging environments like Antarctica (49). Waschulin et al. (2020) 206 
conducted a long-read metagenomic study of Antarctic soil, an environment known 207 
for its microbial diversity, but also for being largely underexplored in terms of BGCs. 208 
By combining long-read Oxford Nanopore sequencing technology, with genome 209 
mining techniques, the researchers were able to identify over 1,400 BGCs from 210 
largely uncultured and underexplored phyla (49). This discovery was particularly 211 
impressive given the relatively low amount of sequencing depth involved, 212 
highlighting the efficiency of long-read metagenomic approaches.  213 
 214 



 215 

 216 

Figure 1. Tip of an iceberg, example structures of compounds derived by traditional 217 
and metagenome methods; (A) rifamycin, (B) gentamicin, (C) nystatin, (D) FK-506, 218 
(E) tetracycline, (F) erythromycin, (G) malacidin, (H) borregomycins, (I) turbomycin 219 
A, (J) turbomycin B. 220 

 221 

2.1 Sequencing Technologies 222 

  223 

There have been vast improvements in the sequencing technologies involved for BGC 224 
discovery with improvements in accuracy and cost reduction. The choice between 225 



short-read (mainly Illumina) and long-read (Oxford Nanopore/PacBio) sequencing 226 
technologies profoundly impacts the accuracy and completeness of metagenomic 227 
assemblies, and consequently, BGC detection. Illumina short-read sequencing is the 228 
dominant technology for metagenomics due to its high accuracy, low error rate, and 229 
cost-effectiveness. It generates short reads of 150–300 base pairs (bp) and is 230 
particularly well-suited for taxonomic profiling and functional annotation of microbial 231 
diversity in complex environments such as soil, marine, and human microbiomes (36). 232 
The massive output of data from Illumina platforms makes it ideal for large-scale 233 
surveys of environmental samples, providing a broad overview of the microbial 234 
community structure and gene content. Short-read sequencing, however, faces 235 
significant limitations when it comes to the detection and assembly of BGCs. BGCs 236 
are often complex operons which contain repetitive elements, that are difficult to 237 
resolve with the short reads. This often results in fragmented assemblies, which can 238 
lead to incomplete or incorrect annotation predictions (50), especially for large 239 
biosynthetic gene clusters like those encoding for polyketides or non-ribosomal 240 
peptides. This fragmentation significantly complicates efforts to reconstruct full 241 
BGCs from metagenomic datasets, which in turn limits the discovery of novel 242 
secondary metabolites. 243 

Figure 2: Hybrid next generation sequencing.  Long-read technologies are used to for 244 
assembly and polished with short-read sequencing technologies for low error, high 245 
completeness genomes. 246 

 247 

Long-read technologies are much more suited to BGC discovery, especially for 248 
smaller scale studies. PacBio’s single-molecule real-time (SMRT) sequencing 249 
generates reads that are typically 10–20 kilobases (kb) long, which can span entire 250 
BGCs in many cases. However, it could be argued that the largest improvement in 251 
long-read technology has been made by Oxford Nanopore Technology (ONT). Recent 252 
developments by ONT have dramatically decreased the error rates this has led to the 253 
improvement of read accuracy from around 96% in 2018 to >99% currently using the 254 
“Super-accurate” base-calling method.  255 
To leverage the strengths of both short-read and long-read sequencing technologies, 256 
hybrid sequencing approaches have been adopted. By combining the high accuracy of 257 
short reads with the long-range continuity of long reads more accurate and complete 258 
metagenomic assemblies can be produced (Figure 2) (51, 52).  259 

   260 
    
    
    



    
 261 
 262 

 263 
2.2 Single Read BGC identification 264 

 265 
Oxford Nanopore technology allows the sequencing of ultra-long reads, and with the 266 
improvements in error rates, now supports the analysis of single reads for BGC 267 
identification. Typical metagenome assembly often eliminates reads which do not 268 
have a partner and this is especially important with smaller scale metagenome studies 269 
as the much of the data may be unique and this can lead to a substantial loss of 270 
information. However, this method requires careful eDNA isolation to produce high-271 
molecular weight DNA to be sequenced. This approach was used by our lab with soil 272 
metagenome data which identified a single read of around 100Kb in length and within 273 
this read antiSMASH identified a BGC encoding a siderophore (Figure 3). This read 274 
was lost when performing standard assembly-based approaches. Although many of 275 
the genes are truncated indicating errors many of the smaller PFAM domains are 276 
correctly identified by antiSMASH. While this method has significant merit the 277 
computational requirements are considerable, and this type of analysis should be 278 
limited to only the largest reads.  279 
 280 
 281 

 282 



Figure 3. Biosynthetic Gene Cluster (BGC) analysis.  Whole genomes or long-read 283 
sequences (1) are annotated for BGCs using bioinformatic tools (2).  These predict 284 
BGC boundaries, which can then be compared to known BGCs (4).  The practical 285 
example shows a single ONT long-read analysed by antiSMASH identifying a 286 
siderophore BGC. 287 

 288 

2.3 Functional Metagenomic assisted natural product discovery 289 

Functional metagenomics enables access to the vast genetic and biosynthetic diversity 290 
of uncultured microbes through the cloning and screening of eDNA (Figure 4). This 291 
approach bypasses the need for microbial cultivation, allowing the metabolic potential 292 
of microbial communities to be accessed directly from environmental samples. 293 
However, the DNA encoding secondary metabolite biosynthesis is estimated to 294 
comprise less than 2% of many bacterial genomes (53), meaning that for natural 295 
product discovery randomly cloning BGCs from eDNA poses a significant challenge; 296 
cloning efficiencies need to be high to recover intact clusters. The low abundance of 297 
BGCs in most genomes necessitates the screening of large eDNA libraries to identify 298 
clones carrying complete pathways. 299 
The first critical step in functional metagenomics is the extraction and purification of 300 
high-molecular-weight eDNA from environmental samples. Maintaining the integrity 301 
of eDNA is crucial for capturing entire BGCs (54). DNA extraction and separation, 302 
often by pulse-field electrophoresis is often needed to remove smaller contaminating 303 
DNA fragments. The high molecular weight DNA is then cloned into suitable vectors, 304 
often cosmid/fosmids, or bacterial artificial chromosomes (BACs) are used that can 305 
accommodate large DNA fragments and have low copy number which minimises 306 
genetic recombination and helps preserve BGCs integrity. Standard high efficiency E. 307 
coli cloning strains are used for the initial cloning and once verified the recombinant 308 
vectors are transferred into amenable heterologous hosts, such as Streptomyces 309 
coelicolor, where they often integrate into the genome for stability and facilitate the 310 
expression of cloned BGCs. Transferring eDNA-derived genes into an appropriate 311 
host organism allows for their expression and the production of natural products. The 312 
host can then be screened for desired phenotypes or enzymatic activities indicative of 313 
natural product biosynthesis. Using an expression host from the same genus is 314 
preferable but cross genera expression is often possible. Following this approach, 315 
many new compounds have been discovered and will be discussed below. 316 
 317 

Heterologous expression can also be used for activating BGCs that remain silent or 318 
poorly expressed in their native hosts. Heterologous strains offer the advantages of 319 
being genetically amenable, faster growing and can often produce increased yields, 320 
particularly when expressing BGC which are silent in the natural host. Several species 321 
have been used as heterologous of BGC including the Streptomycetes Streptomyces 322 
coelicolor, lividans, albus and venzuelae, the Gram-positive bacterium Bacillus 323 
subtilis and the Gram-negative bacterium Pseudomonas putida and the yeast 324 
Saccharomyces cerevisiae. Streptomycete hosts are most commonly used for the 325 
expression of Actinomycete BGC generally because they possess similar GC ratios, 326 
gene regulatory networks and transcriptional and translational machinery to the 327 
natural host and can also supply the necessary precursor molecules.  328 



To mitigate interference from endogenous antibiotics it is crucial to use genome-329 
minimised strains which often have several endogenous antibiotic gene clusters 330 
deleted. As background antibiotic activity from the heterologous host can interfere 331 
with the screening and identification of clones from ex-conjugants and a number are 332 
available for S. coelicolor (55, 56) S. lividans (57, 58), S. albus (59) and S. venezuelae 333 
(60, 61). Recently, Pseudomonas putida has become a popular choice of BGC 334 
expression host (62, 63) as it is fast growing, can utilize lignin derived compounds, it 335 
expresses a promiscuous phosphopantetheinyl transferase (PPTase) capable of 336 
activating heterologous acyl- and peptidyl-carrier proteins it is amenable to being 337 
cultured on an industrial scale, its genome has a relatively high GC content (61.5%) 338 
and a number of synthetic biology tools have been developed for it. Bacillus subtilis 339 
has also been used as a heterologous host, mostly to express BGC from Bacilli and 340 
Firmicutes (64). The preferred host for heterologous expression of eukaryotic fungal 341 
and plant BGC is the Saccharomyces cerevisiae (65, 66).  342 

 343 
Cosmid libraries can be prepared relatively efficiently and quickly especially for small 344 
BGCs (67), however the size limitations of the bacteriophage head mean they have a 345 
DNA size limit of around 40 kb this means that for many larger BGCs these cannot be 346 
cloned in a single vector. As a result, multiple vectors with overlapping sequences 347 
need to be identified and combined, which is labour-intensive and technically 348 
challenging. Alternative cloning systems, such as transformation-associated 349 
recombination (TAR) cloning in yeast (68), or the use of larger capacity vectors like 350 
BACs (69), have been developed to overcome these limitations (68). 351 
A recent advance in this area is the CRAGE-CRISPR system, which combines 352 
Chassis-Independent Recombinase-Assisted Genome Engineering (CRAGE) with 353 
CRISPR-based activation (70). CRAGE facilitates the insertion of large BGCs into 354 
diverse bacterial hosts without the need for species-specific tools, while CRISPR 355 
activation enables precise transcriptional control of silent gene clusters. Using this 356 
approach, Ke et al. (2022) successfully activated multiple polyketide and non-357 
ribosomal peptide BGCs in Photorhabdus luminescens. This system represents a 358 
significant advancement in BGC cloning and offers a method to rapidly activate and 359 
characterise BGCs (70). 360 

 361 

2.4 Compound Discovery 362 

An early example of untargeted metagenome natural product discovery was 363 
identification of the novel compounds turbomycin A and B, which were discovered by 364 
screening soil-derived metagenomic libraries using Escherichia coli. Turbomycins 365 
exhibit activity against both Gram-positive and Gram-negative bacteria, including 366 
Staphylococcus aureus (71). The identification of these triaryl cation compounds, 367 
demonstrated the feasibility of using functional metagenomics to identify novel 368 
antibiotics from uncultured soil bacteria (Figure 1. I & J). 369 
Targeted homology-based screening of metagenomes can be used to identify and 370 
recover natural product biosynthetic gene sequence motifs by amplifying conserved 371 
genes through PCR from environmental DNA libraries. The borregomycins were 372 
discovered through the cloning, and heterologous expression of the indolotryptoline-373 



based bor biosynthetic gene cluster (72). (Figure 1. H). 374 
Hover et al. (2018) identified malacidins by mining the metagenomes of around 2000 375 
unique soils using degenerate PCR primers targeting the conserved regions of 376 
adenylation domains (AD) found in nonribosomal peptide synthetase genes. After 377 
sequencing the PCR products, a desert soil rich in novel regions was chosen to make a 378 
cosmid library. The malacidin BGC spanned 72 kb across three cosmids which were 379 
recombined using yeast TAR system and heterologously expressed using 380 
Streptomyces albus J1074 (73). Clone specific metabolites, malacidin A and B, were 381 
isolated and structural elucidation identified cyclic lipopeptide antibiotics which were 382 
effective against multidrug-resistant Gram-positive pathogens, including methicillin-383 
resistant Staphylococcus aureus (MRSA) (Figure 1. G). 384 
 385 
While culture-independent metagenomic approaches hold great promise for natural 386 
product discovery, particularly antibiotics, the number of novel compounds identified 387 
through cloning and expressing eDNA-derived biosynthetic gene clusters remains 388 
relatively small due to several challenges. Extracting high-molecular-weight  DNA 389 
from soil is technically difficult due to fragmentation of DNA during extraction, and 390 
cloning large BGCs often requires the assembly of multiple overlapping clones (54). 391 
The presence of various contaminants such as humic acids, can interfere with 392 
downstream applications. Even when BGCs are fully assembled, their expression in 393 
heterologous hosts is frequently problematic. Successful expression requires 394 
compatible regulatory elements and metabolic compatibility between the BGC and the 395 
host organism, which is not always achievable. The native promoters and regulatory 396 
sequences of the BGCs may not be recognised by the host's transcriptional machinery, 397 
leading to non-existent or low expression levels and hampers the production of 398 
sufficient quantities of the natural product for structural characterisation. 399 

Numerous efforts have been made to boost the production of cloned BGCs by genetic 400 
modification. One common approach is the insertion of strong, constitutive promoters 401 
to drive gene expression within the BGC, replacing native promoters that may not 402 
function efficiently in the host organism (74). For example, well-characterised 403 
promoters like ermE* or kasOp* in Streptomyces species have been used to enhance 404 
gene expression levels (75). Another strategy involves the removal or inactivation of 405 
repressor regulators that silence BGC expression, thereby de-repressing the pathway 406 
and enhancing metabolite production (76).  407 
Recent developments have used CRISPR-Cas9 technology to activate silent BGCs by 408 
inserting strong promoters or removing repressors. For example, a CRISPR-Cas9 409 
knock-in strategy successfully activated multiple BGCs in Streptomyces species, 410 
leading to the production of unique metabolites, including a novel aromatic 411 
pentangular type II polyketide in Streptomyces viridochromogenes (77). 412 

 413 



 414 
 415 
Figure 4. Traditional and new approaches to Natural Product discovery.  416 
 417 
 418 

3. New approaches to compound identification 419 
 420 

A new approach for the discovery of natural products is called Small Molecule in situ 421 
Resin Capture (SMIRC)(78). This method addresses the limitations of existing 422 
strategies by bypassing the need for microbial cultivation and directly capturing 423 
compounds from natural environments using an adsorbent resin such as HP20 (Figure 424 
4). The authors describe deploying the resin in diverse ecological niches, where it 425 
adsorbs a wide array of naturally occurring chemical entities. These compounds are 426 
subsequently extracted from the resin and examined using traditional analytical 427 
techniques, such as mass spectrometry (MS) to identify novel compounds. After 428 
purification nuclear magnetic resonance (NMR) is used to elucidate their structures. 429 
This method has already proven effective in capturing novel compounds with unique 430 
structural features (78). The main advantage of SMIRC is its ability to uncover new 431 
compounds without the prerequisite knowledge of the microbial producers or their 432 
growth conditions. This is particularly significant in the context of soil and marine 433 
environments, where most of the microbial diversity remains unexplored. The 434 



implications of SMIRC extend beyond natural product discovery. The technique 435 
offers a new method to view and understand the chemical interactions and 436 
biodiversity of various ecosystems. By analysing the metabolomic signatures captured 437 
from different environments insights may be gained into the ecological roles of 438 
natural products (78).  439 
 440 
 441 

4. The growth of unculturable bacteria 442 
 443 

In London’s Science Museum displayed alongside the original Penicillium mould 444 
donated by Fleming to a colleague (Object:1997-731) is a peculiar object (Object: 445 
E2017.0416). This is instantly recognisable to anyone who has worked in a modern 446 
molecular biology laboratory as a disposable, grey, plastic Thermo Fisher pipette tip 447 
rack (pictured in Figure 4 of Berdy et al., 2017)(79). Why is a cut-down, throw-away 448 
laboratory consumable displayed alongside the museums scientific crown jewels?  449 
The caption to the exhibit explains why. It reads “Finding new antibiotics- the iChip 450 
2010: bacteria can produce chemicals that are useful as antibiotics, but they are hard 451 
to grow in the laboratory. Innovations such as the iChip allow bacteria to grow 452 
quickly in soil. Bacteria from a soil sample are placed into the tiny chambers of the 453 
iChip, which is then returned to the soil, so the cells can grow from nutrients in the 454 
ground. Without technologies such as the iChip, up to 90% of bacteria would be 455 
inaccessible for research”. This section aims to provide a background to this object, 456 
how it is used and why it is important.  457 
 458 
It has long been known that the number of cells observed under a microscope in an 459 
environmental sample far exceeded the number of colonies that would grow on an 460 
agar plate (80). Later investigations established the presence of metabolically active 461 
cells in the environment that do not replicate on laboratory media, later supported by 462 
additional molecular evidence (81, 82). These observations gave rise to the concept of 463 
the “Great Plate Count Anomaly”. The discrepancy between the numbers of observed 464 
and culturable bacteria depends on the environment but can reach several orders of 465 
magnitude (83). This suggested that the antibiotics discovered during the Golden Age 466 
came from mining a thin seam of culturable bacteria and that unculturable bacteria 467 
(84-86);– so called microbial “dark matter”, represented a vast, untapped source of 468 
new antibiotics which could help to fill the “discovery void “ (12). Although standard 469 
approaches continue to yield novel strains (87-90) the idea that the reason why most 470 
bacteria cannot be cultured in the laboratory is simply that essential aspects of their 471 
natural environments are not replicated closely enough was pursued, and two main 472 
approaches which attempt to address this have been the subject of much research (91). 473 
The first focuses on synthetically replicating the essential conditions required by the 474 
unculturable bacteria in the laboratory. For example, the growth of unculturable 475 
bacteria on standard media may be limited by lack of necessary siderophores and co-476 
cultivation with species able to provide these, or supplementation with commercially 477 
available molecules, resulted in their growth (92). The second approach essentially 478 
seeks to move the laboratory to the environment, or vice versa, and so grow 479 
unculturable bacteria in their native conditions. One methodology which this approach 480 
encompasses is the “dilution to extinction” method (93) which has been particularly 481 
well applied to seawater (94). This approach was adopted by Rappé and co-workers 482 
who diluted seawater samples so that each well of a 96 well microtitre plates 483 
supplemented seawater received 22 cells and so were able to culture for the first time 484 



the SAR11 clade, a major constituent of the bacterioplankton (95). The technique was 485 
extended to isolate four unique cell lineages that belong to previously uncultured or 486 
undescribed marine Proteobacteria clades (96, 97).  487 
 488 

 489 
Figure 5: Two types of cultivation discussed below. 490 
 491 

4.1 In situ cultivation 492 
 493 

An alternative approach by Ferrari and co-workers used a solid support to immobilise 494 
and culture microcolonies of bacteria from soil slurry contained in a tissue culture 495 
insert, placed in contact with a polycarbonate membrane (98). A follow-up study 496 
indicated they could be picked and manipulated for further cultivation (99). Use of a 497 
“micro petri dish” was used by Ingham (2007) where a miniaturized, disposable 498 
microbial culture chip fabricated by microengineering a highly porous ceramic sheet 499 
was used. 180,000 growth compartments per 8 x 36mm chip, were constructed, filled 500 
with gellified river water as a culture medium, and used to culture and screen 501 
oligotrophic bacteria isolated from river water on the basis of organic phosphate 502 
metabolism (100). The results indicated 22 colonies, identified from a total of 207,000 503 
microcolonies cultured, were capable of taking up fluorescein 3,6-diphosphate (FDP) 504 
and rapidly converting it to fluorescein. This sophisticated experimental methodology 505 
demonstrated that this was a high throughput system, (HTS) capable of identifying 506 
rare bacteria which occur in natural isolates at low frequency (100).  507 
 508 

4.2 Diffusion chambers & iChips 509 
 510 

A simpler, less technologically advanced approach where the bacteria were in contact 511 
with, but separated from, the “environment” was pioneered by the laboratories of Kim 512 
Lewis and Slava Epstein who designed a diffusion chamber where bacteria isolated 513 
from marine sediment were encapsulated in agar enclosed within a semi-permeable 514 
membrane and the sealed chamber was incubated in a tank of seawater, on a sand bed, 515 
to replicate the natural habitat (101). The device resembled an agar disc sandwiched 516 
between two membrane sheets and sealed with large steel washers (Figure 5). 517 



Bacterial microcolonies were found to grow within the agar and comparison of their 518 
numbers with the number of bacteria present in the inoculum indicated 40% were able 519 
to grow, in the diffusion chamber, as opposed to 0.05% which grew on standard 520 
plates. Several microorganisms from the diffusion chamber microcolonies were 521 
grown in pure culture and found to be previously uncultured bacteria and 522 
interestingly, growth of several strains, MSC1 and MSC2, was found to be dependent 523 
on their co-culture suggesting interspecies signalling molecules were essential for 524 
growth (101). This was confirmed by further work which investigated the nature of 525 
the dependence of strain MSC33 on being co-cultured with MSC105 and found that a 526 
5 amino acid peptide (LQPEV) was necessary for the Psychrobacter sp. strain MSC33 527 
to grow on standard media, the low concentration (3.5 nM) necessary confirmed the 528 
peptide was acting as a signalling molecule, as opposed to a nutrient (102). Similar 529 
experiments involving passaging of bacteria from freshwater sediment and soil 530 
through four successive diffusion chambers whilst also being plated on agar plates, 531 
indicated that multiple diffusion chamber cultivations were necessary to obtain 532 
isolates of certain genera, including representatives of rarely cultivated phyla, such as 533 
Deltaproteobacteria, Verrucomicrobia, Spirochaetes and Acidobacteria, on plates 534 
(103, 104). It was uncertain at the time whether this was due to a “bulking up” effect 535 
necessary to produce a detectable number of cells on plates or whether the passaging 536 
resulted in “domestication” of the strains and a newfound ability to grow on plates 537 
(103). More recently, the “microbial scout” hypothesis has been proposed which 538 
suggests the stochastic i.e. random, low-frequency, awakening of dormant cells may 539 
at least partly, explain the awakening of “uncultivable” strains after multiple 540 
passages/cultivations (105-108). However, the “domestication” phenomenon has also 541 
been reported in other situations, for example Nichols and co-workers identified a 542 
Psychrobacter sp. strain variant, MSC33c, which unlike its parent, did not require co-543 
culture to grow on standard media (102).  544 
 545 
A modification of the environmental bacterial growth approach involved the use of 546 
uninoculated diffusion chambers constructed using membranes with 0.2 μm diameter 547 
pores, to “trap” filamentous bacteria which are able to penetrate the diffusion chamber 548 
when it is placed on a soil surface (109). The experiment proved successful at 549 
selectively isolating filamentous actinomycetes including, for example, some unusual 550 
species from the genera Dactylosporangium, Catellatospora, Catenulispora, Lentzea 551 
and Streptacidiphilus (109), and also indicated that the use of gellan gum was more 552 
effective than agar, as had been noted by other investigators (88, 89). The diffusion 553 
chamber concept was later scaled up in the “diffusion bioreactor” where the large size 554 
means extended incubations can be maintained without requiring additional substrate 555 
supplementation in the chamber, although the results were similar to those obtained 556 
with small-scale devices (110). The early work using diffusion chambers typically 557 
used a very basic apparatus consisting of a single chamber and so produced a mixed 558 
culture that required considerable time and effort to process, i.e., to isolate, purify and 559 
re-inoculate individual colonies. Unsurprisingly, there were many attempts to improve 560 
the efficiency and scalability of the methodology, which focussed on culturing 561 
individual bacteria from isolates each in their own separate micro-culture chambers  562 
 563 
Aoi and co-workers used a device, named the “hollow fibre membrane chamber”, 564 
(HFMC), where the chambers consisted of multiple porous PVDF tubes which were 565 
seeded with diluted bacterial isolates from aqueous environments and the whole 566 
assembly was cultured in liquids mimicking the original environments (111). The 567 



results were broadly consistent with those obtained from the iChip (see below) 568 
although it is difficult to see how the HFMC technology may be applied to non-569 
aqueous situations. Ben-Dov and co-workers describes the use of GMD (gel 570 
microdroplet) technology to encapsulate bacteria from coral mucus, wastewater and 571 
soil in 1-3 mm diameter polysulfone coated agar spheres and their growth when the 572 
spheres are cultivated in the lab in environments mimicking the original habitats 573 
(112). Zengler and co-workers also applied a GMD based approach to encapsulate 574 
bacteria from soil and seawater in ~107 gel droplets which were cultured in columns 575 
through which appropriate media were pumped (113). GMD containing microcolonies 576 
were identified using flow cytometry to sort them into wells of 96 well microtitre 577 
plates (113). A similar proof of concept approach by Akselband and co-workers used 578 
an artificial mixture of slow and fast growing marine bacteria as inoculum and a 579 
combination of GMD and sorting the cultured droplets according to bacterial growth 580 
by FACS (114).  581 

 582 
Technology Advantages Disadvantages 
iChip Enables growth of 

previously unculturable 
microbes; maintains natural 
environmental conditions  

Limited scalability; may not 
replicate all environmental 
conditions precisely  

Microfluidics Precise control of 
microenvironments; high-
throughput screening of 
growth conditions; minimal 
sample usage  

Complex setup and operation; 
requires specialized 
equipment and expertise  

Co-cultivation Mimics natural microbial 
interactions; can induce 
production of novel 
secondary metabolites  

Not all microbial interactions 
can be replicated; potential 
for dominance by faster-
growing organisms  

High-throughput 
culturing 

Rapid testing of multiple 
conditions; large-scale 
cultivation with automation; 
good for discovering new 
strains  

May miss microbes with 
specific or unknown growth 
requirements; potential bias 
towards fast-growing strains  

Dilution to 
extinction 

Selective enrichment of 
slow-growing or rare 
microbes; avoids 
competition from fast-
growing species  

Can be time-consuming; 
requires careful dilution and 
monitoring; may not capture 
all species in a sample  

Trap Method Captures microbes directly 
from the environment; 
simple and low-cost; 
effective for isolating rare 
or slow-growing organisms  

May not support growth of 
fastidious organisms; limited 
control over 
microenvironment; potential 
contamination issues  

Hollow Fibre 
Membrane 
Chamber 

Mimics natural 
environmental conditions; 
allows for nutrient 
diffusion; effective for 

Complex setup and 
maintenance; potential issues 
with membrane fouling; 



studying slow-growing or 
unculturable microbes  

requires careful monitoring of 
conditions  

 583 
Table 2. Comparison of Microbial Cultivation Technologies 584 
 585 
 586 
Development work on the diffusion chamber itself succeeded in producing a more 587 
scalable, high-throughput technology platform for microbial isolation, in parallel, on a 588 
large scale. The Isolation Chip, or iChip for short (115), consists of a single device 589 
comprising hundreds of miniature diffusion chambers that can be loaded with an 590 
average of one cell per chamber. A proof of concept study looking at bacterial 16S 591 
rRNA generated from libraries produced from iChips and Petri dishes inoculated with 592 
bacteria from soil and seawater indicated that more species were cultured using the 593 
iChips than conventional plate cultures i.e., 525 from soil using iChips versus 314 594 
from soil using Petri dishes, and 635 from seawater using iChips versus 265 from 595 
seawater using Petri dishes. There was virtually no overlap between the species 596 
isolated using the iChip and plate culture for each environmental source (115).  597 
 598 
As the iChip’s developers acknowledge, it is an idea rather than a device per se and 599 
although a detailed protocol for iChip use has been published (79) alternative 600 
modified forms are possible, including an “iPlate” compatible with its use in 601 
combination with standard 96 well microtitre plates (116). The simplicity of the 602 
technology has facilitated its uptake, for example, in undergraduate practical classes 603 
(117) and its ease of use in both solid and liquid environments has also contributed to 604 
its adoption by many research laboratories. Despite the widespread use of the iChip it 605 
is unclear whether it is necessarily the most effective method, as a direct comparison 606 
of the dilution to extinction and diffusion chamber techniques (and an agar 607 
modification technique) using intertidal sediment samples indicated that the diffusion 608 
chamber resulted in the lowest number of isolates from the three methods (118). 609 
Nevertheless, the iChip has been used to isolate hitherto unculturable bacteria from 610 
many environments/experimental situations, for example, mangroves, (119), estuarine 611 
sediment (120, 121), marine sediment (122, 123), marine sponges, (124, 125), 612 
decaying seaweed (126), various marine samples (127), paddy soil (128), crude oil 613 
contaminated soil (129), rocksalt (130), hot springs (131), the porcine intestine (132) 614 
and the human oral cavity (133).  615 
 616 
Although use of the iChip has greatly enhanced and facilitated the culturing of 617 
previously uncultivable bacteria the approach has not yet realised its full potential in 618 
terms of reinvigorating the Waksman Platform. An early indication of its promise in 619 
discovering new natural products was its role in the discovery of neocitreamicin I and 620 
II which are novel members of the previously discovered citreamicin class of 621 
antibiotics with activity against methicillin-resistant S. aureus and 622 
vancomycin-resistant enterococci (134). Lassomycin, an inhibitor of the ClpP1P2C1 623 
protease, and amycobactin, an inhibitor of the SecY protein 624 
exporter in Mycobacterium tuberculosis were also identified during screens of iChip 625 
cultured bacteria (135, 136). A more high-profile success which may be attributed to 626 
the iChip is its significant role in the discovery of teixobactin. Ling and co-workers 627 
screened extracts from 10,000 isolates obtained by growth in iChips for antimicrobial 628 
activity on plates overlaid with S. aureus. An extract from a new species of β-629 
proteobacteria, provisionally named Eleftheria terrae, showed good activity and 630 



contained a compound with a molecular mass of 1,242 Da, determined by mass 631 
spectrometry, which had not been previously reported. The compound was 632 
subsequently isolated and its complete chemical structure determined by NMR and 633 
advanced Marfey’s analysis (137). The molecule, teixobactin, proved to be an unusual 634 
depsipeptide which contains enduracididine, methylphenylalanine, and four D-amino 635 
acids. Teixobactin had excellent activity against Gram-positive pathogens, including 636 
drug-resistant strains and potency against most species, including difficult-to-treat 637 
enterococci and M. tuberculosis was below 1 μg/ml.  638 
 639 
Resistance was not developed to this compound, suggesting that the target is not a 640 
protein. And as treatment of whole cells of S. aureus with teixobactin (1–5 × MIC) 641 
resulted in significant accumulation of the soluble cell wall precursor undecaprenyl-642 
N-acetylmuramic acid-pentapeptide (UDP-MurNAc-pentapeptide), similar to the 643 
vancomycin-treated control cells, showing that one of the membrane-associated steps 644 
of peptidoglycan biosynthesis is blocked (137). Teixobactin inhibited peptidoglycan 645 
biosynthesis reactions in vitro in a dose-dependent manner with either Lipid I, Lipid II 646 
or undecaprenyl-pyrophosphate as a substrate and conversely the addition of purified 647 
Lipid II prevented teixobactin from inhibiting growth of S. aureus. These experiments 648 
clearly showed that teixobactin specifically interacts with the peptidoglycan precursor 649 
itself, rather than interfering with the activity of one of the enzymes. Purified 650 
precursors were incubated with teixobactin at different molar ratios, followed by 651 
extraction and subsequent thin-layer chromatography analysis and Lipid I and Lipid II 652 
were fully trapped in a stable complex that prevented extraction of the lipid from the 653 
reaction mixture (137). Moreover, teixobactin efficiently bound to the wall teichoic 654 
acid (WTA) precursor undecaprenyl-PP-GlcNAc (Lipid III). Although WTA is not 655 
essential per se, inhibition of late membrane-bound WTA biosynthesis steps is lethal 656 
due to accumulation of toxic intermediates. Moreover, teichoic acids anchor 657 
autolysins, preventing uncontrolled hydrolysis of peptidoglycan. Inhibition of teichoic 658 
acid synthesis by teixobactin would therefore help liberate autolysins, contributing to 659 
the excellent lytic and killing activity of this antibiotic (137). However, later work 660 
indicated the binding of teixobactin to Lipid II is weak and suggested formation of 661 
clusters of the antibiotic on membrane surfaces and entanglement of cell wall 662 
precursors also played a role in mediating its killing effect (138). This was confirmed 663 
by further work where it was shown teixobactin operates by settling onto the bacterial 664 
membrane where the Ile and D-allo-Ile residues anchor it, whilst the enduracidine 665 
binds to the PPi and MurNAc of Lipid II (139). The presence of L and D-amino acids 666 
in teixobactin allow it to form an antiparallel β-sheet structures which expand to form 667 
large-scale fibrillar structures (139). These compromise the integrity/functioning of 668 
the cell membrane in several ways: firstly, by sequestering Lipid II, secondly, by 669 
displacing phospholipids leading to thinning of the membrane and thirdly the 670 
concentration of the C55 hydrophobic tails of Lipid II into hydrophobic patches causes 671 
ion leaks and loss of membrane potential, ultimately leading to cell death (139).  672 
A second isolate from the same screen, Lysobacter sp. K5869, produced a compound, 673 
hypeptin, which exhibited a striking structural similarity and similar mode of action 674 
with teixobactin (140). Additionally, clovibactin, another depsipeptide antibiotic, 675 
produced by E. terrae ssp carolina binds to the PPi of multiple cell wall precursors 676 
and associates to form large-scale fibrillar structures in a similar way to teixobactin 677 
(141).  678 
 679 



Teixobactin is the first member of a new class of Lipid II binding antibiotics, 680 
structurally distinct from glycopeptides, lantibiotics, and defensins, and lack of 681 
resistance to it, coupled with promising in vivo efficacy data, suggested it is a suitable 682 
candidate for clinical development (142). It is to be hoped that the iChip mediated 683 
discovery of teixobactin, (and other Lipid II binding depsipeptides), may not be an 684 
isolated event but the beginning of a new era of natural product drug discovery based 685 
on applying the Waksman Platform to newly mined microbial “dark matter” (143, 686 
144). 687 
 688 
Although the iChip has gained widespread acceptance by the scientific community in 689 
most embodiments it cannot be said to be a truly high throughput system. Indeed, it is 690 
debateable whether a cultivation system in which difficult to grow bacteria are 691 
cultured for several weeks will ever be described as “high-throughput” irrespective of 692 
the technology used simply because of the extended cultivation period. Although in 693 
basic embodiments iChips commonly possess only 96 compartments, attempts have 694 
been made to scale up the format so as to increase the number of compartments. For 695 
example, Liu describes the use of 384 well iChips (128), Nakai describes an “iChip” 696 
comprising 900 compartments (145) and the most common format of iChip described 697 
by Ingram possessed 180,000 compartments (100).  698 
However, it seems likely that significant improvements to iChip methodology will 699 
come not merely from increasing the compartment number but from the application of 700 
small-scale sophisticated, highly controllable liquid/particle handing technologies to 701 
the iChip format, in particular, the application of microfluidics/gel microdroplet 702 
(GMD) technology and FACS (146-148). For example, a simple improvement to 703 
iChip methodology which may be solved by use of a use of FACS relates to the 704 
problem of controlling the cell load per compartment. Conventionally, the one-cell-705 
per-compartment achieved by dilution of the starting bacterial sample, leads to some 706 
compartments receiving more than one cell and others none. However, this 707 
uncertainty may be eliminated by the use of FACS to load a single cell per 708 
compartment (128, 149). The use of FACS may be also applied to more complex 709 
situations for example, Ohan conduced co-culture experiments where loaded multiple 710 
cell types and numbers of particular cell types were sorted by FACS into GMD which 711 
after culture were analysed by FACS (150). 712 
The use of microfluidics coupled with GMD is well known and has enabled many 713 
sophisticated high-throughput bacterial culture experiments for example, including 714 
studies to investigate antimicrobial resistance (151), co-culture (152) induction of 715 
natural product biosynthesis using co-culture (153) and growth of rare bacterial 716 
species isolated from complex samples (154). Although in most published studies the 717 
GMD are either held in an oil-water emulsion for a period before analysis or are 718 
cultured as a mixture in an array/ chamber in a conventional culture situation the 719 
additional advantage conferred by iChips i.e. the ability to separate and culture the 720 
GMD in a natural or nature-mimicking experimental situation, has been appreciated 721 
(155, 156). The application of microfluidics to natural product discovery will be 722 
discussed herein more detail in the next section.  723 
 724 
 725 
5 Droplet-based microfluidic cultivation and analysis 726 

 727 
Although in situ cultivation approaches are making significant progress the 728 
throughput is low. A complementary approach is microfluidic cultivation which 729 



allows precise control over microenvironmental conditions and facilitates high-730 
throughput experimentation (157), by encapsulating cells in microdroplets within an 731 
immiscible carrier fluid, typically oil, these systems create monodisperse emulsions 732 
that serve as isolated microreactors (158). 733 
 734 
Droplet-based microfluidic systems have matured to become an important tool in 735 
biotechnology R+D for high-throughput experimentation (159).  The underlying 736 
principle is as follows: by using two immiscible liquids, individual, separate, volumes 737 
of a first fluid are trapped in a second carrier fluid in a monodisperse emulsion.  In a 738 
biological context, the first fluid phase is usually aqueous and thus biocompatible to 739 
allow encapsulation of live cells; the second fluid phase is an oil to separate the 740 
aqueous droplets. 741 
 742 
Isolating individual fluid volumes in this way brings new approaches to research and 743 
development activities.  Droplets are typically at sub-millimetre scale, with volumes 744 
in the nanolitre to picolitre range.  This allows creation of millions of separate 745 
reaction volumes using small quantities of reagent extending the scale of 746 
experimentation.  Each volume can contain a single cell, which allows separate 747 
assessment of each member of the cell population giving access to understanding of 748 
heterogeneity.  Furthermore, droplets are amenable to process automation, allowing 749 
complex workflows to be performed quickly and repeatably on a large experimental 750 
space. 751 
Droplets can be generated in a variety of ways, but typically microfluidic techniques 752 
are used.  By tightly controlling geometry, flow rate, and liquid properties uniform 753 
monodisperse picolitre droplets can be generated at a high rate, up to 5 kHz (160) 754 
Microfluidics also then allows straightforward integration of other processes using 755 
droplets to create experimental workflows in the droplet domain.  Examples of these 756 
processes include: 757 

1. Splitting, whereby a single droplet is split into two droplets in a controlled 758 
volume ratio 759 

2. Merging, whereby two droplets are combined into a single droplet 760 
3. Selection, whereby a droplet can have a force applied and thus separated from 761 

other droplets.  The force application can be controlled by a measurement of 762 
the droplet, thus allowing real-time selection of droplets and population 763 
enrichment. 764 



 765 
 766 
Figure 6: example unit operations in droplet microfluidic systems.  [A] droplet 767 
generation: the aqueous phase enters from the left, oil phase with surfactant from top 768 
and bottom, under continuous constant flow the aqueous phase is broken down into 769 
droplets [B] injection into droplets: additional liquid can be added to droplets as they 770 
flow past the injection point.  Droplet flow left to right, additional material is provided 771 
in the side channel at the top, electrode provides a timed pulse to disrupt the droplet 772 
surface to allow injection [C] droplet splitting: droplets can be split.  Droplets flow 773 
from top and split into two equal parts at the junction.  The volume split can be 774 
controlled through geometry (not shown) [D] droplet sorting: droplets flow left to 775 
right, when the electrode is switched on the droplet is diverted from the bottom 776 
channel to the top channel.  If the droplet is measured just upstream (e.g. fluorescence 777 
signal) then droplets can be sorted into positive and negative. [E] proliferation in 778 
droplets.  Image shows E. coli proliferation in droplets encapsulated at 1.1 x 106 779 
CFU/ml concentration. 780 
 781 
A critical part of the technique is the composition of the two phases and stability of 782 
the droplets.  The aqueous phase needs to contain all materials necessary to maintain 783 
cell viability and subsequent outgrowth, and to support any characterization or 784 
measurement method such as binding of fluorescent markers.  The oil phase needs to 785 
be non-toxic to cells and allow gas exchange to support respiration.  Surfactants are 786 
also needed to maintain the interface between the two phases so the droplets do not 787 
collapse; furthermore, these interfacial molecules also need to minimize leakage of 788 
biomolecules from the aqueous phase into the oil phase and support biochemical 789 
assays (161).  Leakage is often a limitation of the approach such that small, 790 
hydrophobic, molecules are not able to be retained in the aqueous droplet.  791 
Techniques such as double-emulsions (water-oil-water or oil-water-oil) can be used to 792 
address this situation (162).  Hydrogels can also be used within the droplet structure to 793 
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replace the inner aqueous phase; this brings additional functionality to the droplet 794 
structure such as mimicking the extracellular environment (163). 795 
 796 
Another critical part of the technique is the method used to characterize the content of 797 
each droplet.  Typically, this involves a bioassay with an optical signal such as 798 
fluorescence which detects the presence of a target molecule in the droplet (164).  In a 799 
cell context, such assays can detect either surface-bound markers or secreted markers, 800 
as the droplet retains the secreted molecules near the source.  Furthermore, the small 801 
volume of the droplet ensures a rapid rise in concentration of the secreted target 802 
molecule allowing strong signal generation in relatively short time periods.  The 803 
ability to utilize cell-secreted molecules as a marker and not just cell surface markers 804 
is an important advantage of droplet-based systems, particularly for natural product 805 
research. 806 
 807 
A third critical part of the technique is controlling the composition of the droplet, 808 
particularly the number of cells in each droplet.  This is done through controlling 809 
concentration of the aqueous phase such that the number of cells in each drop follows 810 
the Poisson probability distribution defined by λ (the average number of cells per unit 811 
volume) and k (the desired number of cells per droplet).   By adjusting the starting 812 
concentration, the distribution of cells per droplet can be controlled to suit the 813 
particular application or workflow (165). 814 
 815 



 816 
 817 
Figure 7: Poisson distribution in droplets.  [A] E. coli encapsulated at 3.2 x 105  818 
CFU/ml [B] E. coli encapsulated at 6.3 x 105 CFU/ml [C] E. coli encapsulated at 1.1 x 819 
106 CFU/ml.  Note the increasing number of droplets containing proliferating colonies 820 
in each image [D] calculated probability of number of cells in each droplet at 821 
encapsulation.  Note as concentration rises more droplets have single cells but also 822 
two cells.  The input concentration is a key control parameter for system operation. 823 
 824 
Droplet-based systems fall into three classes based on the automation approach taken 825 
– passive array based, active array based, and flow based.  In passive arrays, the 826 
droplets are generated in a two-dimensional array where they form a contiguous 827 
single layer of droplets.  This array can then be interrogated via two-dimensional 828 
imaging techniques to assess which droplets have generated a signal (166). 829 
In active arrays, also known as digital microfluidics, the droplets are generated and 830 
fed into an array that can be actively moved in two-dimensional space using 831 
techniques such as electrowetting (167).  This array approach allows precise 832 
manipulation of many droplets in parallel to perform functions such as merging and 833 
splitting of droplets, thus enabling more complex workflows such as library 834 
generation or cell-cell pairing.  The droplets are then assessed within the array to find 835 
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specific droplets with the required markers and then these droplets are separated for 836 
further analysis off-system. 837 
 838 
In flow-based systems, the droplets are generated and then continue to move through 839 
microfluidic channels in single file.  Similar to active arrays, further functions can be 840 
carried out on droplets as they move through the microfluidic channels including 841 
assessment and selection of droplets with the desired markers. 842 
 843 
Droplet-based systems have two main application areas for natural products: high 844 
throughput screening (searching for naturally occurring molecules of interest and the 845 
associated organism producing the molecule, particularly ‘non culturable’ organisms) 846 
and microbial engineering (synthesizing molecules of interest via genetic 847 
manipulation).  These will now be discussed in turn, focussing on active array and 848 
flow-based droplet systems. 849 
 850 

5.1 High-throughput screening 851 
Droplet-based systems provide a high-speed, robust platform for screening that can 852 
address large starting populations and libraries.  By integrating the basic functions of 853 
droplet generation, characterisation and separation every member of the population 854 
can be assessed individually to isolate the sub-population of interest.  This approach 855 
can be applied both to the microorganisms themselves and extracts from the 856 
microorganisms (168). 857 
 858 
An early exemplar for the field is work by Najah and co-workers in 2014 (169). Here 859 
they used a droplet microfluidic system to screen uncultured bacteria from a wheat 860 
stubble field to identify microorganisms that can efficiently hydrolyse cellulosic 861 
biomass.  Bacteria were encapsulated in 20 pL droplets containing a fluorogenic 862 
cellobiohydrolase substrate and sorted based on activity.  The resulting selected 863 
population had 17-fold higher cellobiohydrolase activity and 7-fold higher 864 
endogluconase activity when compared to selection based on growth on a starch-865 
containing medium.  Their system used custom-made polydimethylsiloxane (PDMS) 866 
chips manufactured with soft lithography methods and custom optics and electronics 867 
for detection and sorting.  By assessing 100,000 bacteria in twenty minutes, this work 868 
demonstrated the underlying capability of droplet methods for rapid cell-by-cell 869 
screening for natural products. 870 
 871 
Terekhov and co-workers developed their MDE-FACS system for high throughput 872 
screening (170).  In this system, double emulsion droplets of ~500pL are used to 873 
encapsulate cells with a functional marker.  These are screened using FACS and the 874 
selected cells either directly sequenced (if not amenable to culture) or plated and 875 
cultivated for LC-MS analysis and sequencing to give detailed genotype/phenotype 876 
descriptions.  Using this approach, they demonstrate both high-efficiency screening of 877 
biocatalysts displayed on the surface of yeast and selection of bacteria from the 878 
human oral microbiota that inhibit growth of S. aureus. A synergistic mixture of 879 
pyocyanin, phenazine-1-carboxylic acid, and heptyl-4-hydroxyquinoline produced by 880 
P. aeruginosa was found to inhibit S. aureus growth indicating the potential of this 881 
approach in natural product discovery..  The latter in particular shows the power of 882 
droplets to allow pairwise interactions between cells to eliminate interference during 883 



screening.  In this work, double-emulsion droplets were used to allow the usage of a 884 
traditional flow cytometery techniques for fluorescence-based screening.  In this flow-885 
based system, the droplet generation chips were custom made using soft-lithography 886 
techniques with PDMS.  887 
 888 
Oberpaul and co-workers used droplet-based fluorescent sorting to select growth 889 
medium to support isolation of microbial diversity from soil samples and subsequent 890 
bioactivity-guided discovery of natural products (171).  In the first part of this work, 891 
droplets of ~300pL were generated using solidified agarose with eight different media 892 
types and a mixed population of soil microbes.  Encapsulation was performed at λ=0.1 893 
to give a low probability of co-culture (<0.5%).  The droplet populations were sorted 894 
based on membrane potential using a carbocyanine dye DiOC2(3), cultured, 895 
sequenced for diversity (1071 colonies) and compared to the original population.  This 896 
approach clearly identified one medium capable of supporting a much more diverse 897 
population at genus level, and the cultured microbes were then used to screen for 898 
bioactivity in a well-plate format.  Droplet generation was performed using a 899 
commercially-available continuous flow device and fluorescence-based screening 900 
using traditional flow cytometer techniques , facilitated by the solidified agarose 901 
droplets. 902 
 903 
Theodorou and co-workers show a novel approach to overcome the problem of 904 
natural compound extraction in a high-throughput screening system with mammalian 905 
cells to identify pro-apoptotic compounds (172).  A metagenomic plasmid library is 906 
prepared by extracting DNA from environmental samples and transformed into a non-907 
pathogenic laboratory bacterial strain that is rendered invasive.  This library is then 908 
placed into droplets at single bacterium level and allowed to proliferate avoiding 909 
fitness competition issues while maintaining clonality.  Single droplets containing 910 
amplified metagenomic clones are then merged using electro-fusion with previously 911 
made single droplets containing mammalian cells to create a library of unique 912 
combinations of bacteria and cell.  Some bacteria invade the mammalian cells, are 913 
lysed and release their newly synthesised bioactive compounds.  The emulsion is 914 
broken, the cells washed and screened using flow cytometry.  Apoptosis is identified 915 
through cleavage of fluorescent cell-permeable reporter peptides specific to early-916 
stage apoptosis.  Cells are subsequently lysed to recover the bacterium and determine 917 
the structure of the pro-apoptotic natural product.  Droplets are an essential part of the 918 
workflow to allow non-biased library amplification and controlled merging of single 919 
bacterial clones and target cells.  As the screening is done using in-cell signals, 920 
droplets are no longer needed at this point.  For this work, custom glass/PDMS 921 
microfluidic chips were used to generate droplets at ~220pL volumes for bacteria and 922 
700pL for mammalian cells. 923 
 924 
Similarly, Mahler and co-workers used droplet-based techniques to screen and 925 
cultivate antibiotic-producing microbes from natural communities (153).  Again, 926 
droplets were used to provide isolation between individual microbes to avoid bias or 927 
competition and allow analysis of difficult-to-culture organisms.  ~200pL droplets 928 
were used at λ = 0.4 to give just over 6% probability of non-single cells in droplets 929 
with an average of 9 x 106 droplets.  The droplets were incubated using dynamic 930 
droplet incubation to ensure aerobic and homogenous cultivation (173).  Post 931 
incubation, droplets were either directly deposited on agar plates or first screened for 932 
antimicrobial activity using a fluorescent reporter cell line.  The plating out uses an 933 



interesting technique whereby droplets are dispensed at 10-50 droplets per second 934 
from a nozzle following a spiral pattern across the agar surface thus providing 935 
efficient spatial separation for further colony growth and selection.   Using this 936 
approach, Mahler demonstrates droplet approaches provide higher CFU concentration 937 
compared to convention plating and a more diverse set of bacterial species.  They also 938 
then identified and selected a novel soil bacterium producing antimicrobial 939 
compounds, i.e. bacillaenes and surfactins so proving the concept that the 940 
methodology/equipment could be used in natural product discovery.  This work was 941 
done using custom-made PDMS microfluidic devices and custom-made optics, 942 
electronics and software for droplet detection and sorting. 943 
 944 
Another application of droplet microfluidics for natural product selection is isolation 945 
of microbial biosynthetic gene clusters (BGCs).  BGCs represent a valuable source of 946 
bioactive molecules but are sparsely distributed in the genome and thus difficult to 947 
characterize.  Xu and coworkers developed a method called MAPLE – Microfluidic 948 
Automated Plasmid Library Enrichment (174).  In this approach, a metagenomic 949 
library is created and single cells encapsulated in droplets.  The droplets are incubated 950 
to allow cell proliferation, then merged with a second droplet containing primers and 951 
probes for PCR.  After thermocycling, droplets are sorted using fluorescence to 952 
identify presence of the target gene.  The selected droplets are then de-emulsified to 953 
allow next-generation sequencing with greatly enriched target DNA content. In this 954 
work, complex custom microfluidic devices for encapsulation, merging and sorting 955 
were manufactured using PDMS casting techniques.  The technique was then used to 956 
characterize microbial polyketide synthesis in an Antarctic soil metagenome.  The 957 
type 1 polyketide synthase enzyme cluster was targeted using a degenerate primer set 958 
targeting the ketosynthase gene.  The technique was shown to outperform both 959 
shotgun and amplicon sequencing, detecting more KS genes (366 hits compared to 32 960 
and 43 respectively) and giving deeper coverage of these genes (170 hits over 1000-961 
fold compared to 3 hits).  The authors note the application of this technique to narrow 962 
down a plasmid library to gene clusters associated with specific drug resistance. 963 
 964 
Droplet microfluidic methods typically use fluorescence reporter assays to identify 965 
cells of interest.  However, not all target molecules are amenable to this approach.  To 966 
overcome this limitation, and allow assessment of more complex mixtures, other 967 
measurement techniques are being developed.  Of particular interest is coupling of 968 
droplets microfluidics to mass spectrometry to allow real-time spectral analysis.  969 
Murray et al provide a recent review of this nascent field (175) showing how both 970 
electrospray ionisation (ESI) and matrix-assisted laser desorption ionization (MALDI) 971 
can be coupled into droplet-based systems. 972 

5.2 Microbial engineering  973 
 974 
While screening of naturally occurring molecules is a powerful approach, it can be 975 
enhanced by using techniques to de novo engineer microbes.  In a droplet context, 976 
these fall into two classes: direct genome editing (whereby pre-defined changes are 977 
made to the gene to achieve a desired outcome) and directed evolution (whereby the 978 
microbe is subjected to specific evolutionary pressure to promote the desired 979 
outcome). 980 
 981 



      5.3 Direct editing approaches 982 
 983 

There are two approaches to gene editing methods.  In the first approach, the edits are 984 
done to cells in bulk outside the droplet system using standard techniques such as 985 
chemical transfection or bulk electroporation, and then droplets used to screen for 986 
successful edits.  In the second approach, the editing is also done in the droplet.  This 987 
approach facilitates easier integration of the overall workflow, much reduced reagent 988 
volumes, and can increase the editing efficiency (176). 989 
 990 
As an example of this approach, Yun and co-workers used droplet microfluidics to 991 
engineer promoters and fine-tune expression to improve erythromycin production in 992 
Saccharapolyspora erythraea (177).  Two plasmid libraries of synthetic promoters 993 
were generated using random mutagenesis and used to transform E. coli, then 994 
mobilised to S. erythraea by conjugation to give ~50,000 variants.  Spores from the 995 
library were then encapsulated into droplets of ~400pL volume and incubated for 996 
three days along with wild-type spores.  Screening was performed using green 997 
fluorescence expressed by the cells at approximately 15Hz.  Of note is the use of 998 
relative fluorescent signal to rank promoter performance within the library rather than 999 
a binary yes/no assessment typically associated with screening.  This places much 1000 
more stringent precision and linearity performance requirements on the fluorescence 1001 
measurement method to give robust quantification.  Using this approach erythromycin 1002 
production was improved up to 137-fold.  Droplet generation and sorting was 1003 
performed using custom microfluidic devices and electronics in a flow-through 1004 
manner developed during earlier work on Streptomyces.   1005 
 1006 
Iwai and co-workers used an array-based digital droplet microfluidic approach to 1007 
automate CRISPR-based strain engineering (178).  They developed a custom 10 x 10 1008 
array whereby the electrodes are used both for droplet movement and merging via 1009 
electrowetting and for electroporation.  Loading of the array is done using acoustic 1010 
droplet ejection techniques dispensing ~5nL volume droplets which provides an 1011 
interesting alternative droplet generation method, albeit at nL rather than pL volume 1012 
range.  Initial work demonstrated >80% successful transformation of GFP into E. coli 1013 
in a highly parallel way.  This was then extended to implement Multiplexed 1014 
Automated Genome Engineering (MAGE) (179) with CRISPR to make small genome 1015 
edits in E. coli.  They demonstrate implementing a point mutation in the galactokinase 1016 
gene with the same yield as the cuvette-based bench process and creating a stable 1017 
strain for production of indigoidine.  The chips used in this work were custom-made 1018 
using lithography techniques. 1019 
 1020 
Wippold and co-workers utilise droplets in a flow-based system to perform high-1021 
efficiency DNA transfer between species (180).  They took a previously developed 1022 
conjugation-optimised strain of B. subtilis (the XPORT system (181)) and co-1023 
encapsulated this into ~120pL volume droplets with a target cell, in this case another 1024 
strain of B. subtilis, at around 200 droplets per second.  Such DNA transfer is reliant 1025 
on close contact between the donor and receiver cells, and thus usually requires the 1026 
donors in great excess to the receiver, around 1 x 104:1.  Bringing the donor and 1027 
receiver cell in close proximity within a picolitre-volume droplet was found to 1028 
improve conjugation process efficiency by up to two orders of magnitude with ratios 1029 
of only 3:1.  The droplet microfluidics in this work were custom made using soft 1030 



lithography techniques in PDMS.  The two cells are mixed prior to droplet formation 1031 
and the encapsulation ratios controlled using the flow rates of the two inputs. 1032 
 1033 

5.4 Directed evolution approaches 1034 
 1035 
Directed evolution brings both microbial engineering and high-throughput screening 1036 
together into a single workflow to provide evolutionary pressure on an organism.  1037 
Droplet techniques are well suited to directed evolution as they provide a simple way 1038 
to execute the necessary recursive multi-step workflow with large numbers of cells.  1039 
Several recent reviews have been published including Chiu and Stavrakis in 2019 1040 
(182), Manteca et al in 2021(183), and Gantz et al in 2023 (184). 1041 
 1042 
As an example of the workflow integration possible using droplets, Rosenthal and co-1043 
workers recently demonstrate a process where cells are cycled between growth, 1044 
mutagenesis and screening to evolve enzymatic activity, in this case alditol oxidase 1045 
(185).  Using E. coli, the process integrates mutagenesis using a fusion of nicking 1046 
CAS9 and a mutagenic polymerase (PolI), a fluorescence-based activity assay, 1047 
encapsulation of bacteria and reagents, incubation, selection and merging of positive 1048 
droplets back into growth medium.  The process is then repeated after ~20 hours to 1049 
allow selected cells to grow and continue mutagenesis.  They achieved a 10.5-fold 1050 
improvement compared to wild type in a few days, compared with a 2.4-fold 1051 
improvement using traditional multi-step error-prone PCR.  The process is run in 1052 
small droplets (~5pL volume) at low occupation (λ = 0.08) to give very low 1053 
probability of non-single cells in droplets (< 0.3%) and uses high speeds of 5 x 105 1054 
cells per hour to compensate for the large number of empty droplets. 1055 
 1056 

5.5 Technology access 1057 
 1058 

Much of the work reviewed in this paper uses custom-built microfluidics designed 1059 
and made by academic microfluidics research teams.  However, in an industrial 1060 
context, the use of droplet technology for natural product identification and 1061 
optimization requires the availability of robust equipment and tools to support 1062 
commercial exploitation.  This includes instrumentation, reagents (particularly 1063 
surfactants), assays and software.  Several companies have emerged in the last decade 1064 
providing such tools as the value and capabilities of droplet-based methods have 1065 
become established.   1066 
 1067 
 1068 
Vendor Platform Specifications 
Atrandi Biosciences 
https://atrandi.com/ 

Onyx Hydrogel-based droplets 
Droplet generation 
Droplet merging 
Droplet splitting 
Flow control with up to four 
syringe pumps 
High speed camera for process 
monitoring 



Vendor Platform Specifications 
 Styx Hydrogel based droplets 

Droplet characterization and 
sorting 
Fluorescent detection, up to 
four detection channels 
High speed camera for process 
monitoring 

LiveDrop Bio  
https://livedrop-bio.com/ 

Modaflow Droplet generation 
Droplet merging 
Droplet pairing 
Droplet characterization and 
sorting 
Fluorescent detection, up to 
six detection channels 

Samplix  
https://samplix.com/ 

Xdrop Double emulsion droplets 
Droplet generation 
Up to eight parallel samples 

 Xdrop Sort Double emulsion droplets 
Droplet generation 
Droplet characterization and 
sorting 
Fluorescent detection, single 
channel 
Up to eight parallel samples 

Dolomite Microfluidics 
https://www.dolomite-
microfluidics.com/microfluidic-
systems/ 

µEncapsulator 
System 

Droplet generation 
Flow controls with up to three 
pressure pumps 
High speed camera for process 
monitoring 

   
Table 5: commercially available flow-based droplet microfluidic platforms. 1069 

 1070 
5.6 Digital microfluidic systems 1071 

Digital microfluidic systems are less mature than flow systems.  However, some 1072 
commercial systems are now appearing on the market, as shown in Table 6.  Applying 1073 
such approaches to natural product discovery could provide novel highly parallelised 1074 
workflows and remains an area ripe for further development. 1075 
 1076 
Vendor Platform Specifications 
Sci-bots  
https://sci-bots.com/ 

DropBot  68 electrodes, each 2.2 x 2.2mm 
square, 8 dispensing electrodes, 8 
reservoir electrodes 



Vendor Platform Specifications 
Nicoya 
https://nicoyalife.com/ 

Alto  Integrated digital microfluidics and 
surface plasmon resonance 

Lightcast Bio 
https://www.lightcast.bio/ 

Single cell 
platform  

Beta access programme only to 
assess technology 

Table 6: commercially available digital microfluidic platforms. 1077 

 1078 

5.7 Surfactants 1079 
 1080 
Various surfactants are available commercially to support droplet microfluidics.  All 1081 
systems use hydrofluoroether oils such as 3M™ Novec™ 7500 or Fluorinert™ FC-40 1082 
as these are inert, biologically compatible and compatible with PDMS which is widely 1083 
used to manufacture the microfluidic devices. 1084 
 1085 
Vendor Name Oil 

phase 
Specifications 

Bio-Rad  
https://www.bio-rad.com 

Droplet 
generation oil 

HFE 
7500 

Optimised for 
ddPCR using 
probes 

Dolomite Microfluidics Fluoro-phase HFE 
7500 

Fluorinated silica 
nanoparticles 
(Pickering 
emulsion), 
reduced leakage 
from droplets  

Emulseo  
https://www.emulseo.com/ 

FluoSurf-C™, 
Fluosurf-O™ 
and -Fluosurf-
S™ 

HFE 
7500 

O series 
optimized for 
low 
autofluorescence, 
S series 
optimized for 
extreme 
thermocycling 

Fluigent  
https://www.fluigent.com/ 

dSurf HFE 
7500 

Suitable for 
dPCR and cell 
culture / analysis 

RAN Biotechnologies  
https://www.ranbiotechnologies.co 
m 

FluoroSurfactant 
008 

HFE 
7500, 
FC-
40 

Suitable for 
encapsulation of 
DNA, RNA, 
proteins and 
single cells 

Sphere Fluidics Ltd. Pico-Surf™ HFE 
7500 

Suitable for 
encapsulation of 



Vendor Name Oil 
phase 

Specifications 

DNA, RNA, 
proteins and 
single cells 

Table 7: commercially available surfactants and oil phases for droplet microfluidics 1086 

Surfactant selection is driven by the specifics of the workflow, particularly the target 1087 
molecules of interest and the measurement modality.  Small, hydrophobic, molecules 1088 
are more difficult to retain in droplet-based systems and nano-particle based 1089 
surfactants may offer advantages in this scenario.  If PCR techniques form part of the 1090 
workflow, such as a preparatory step for DNA sequencing, then the surfactants 1091 
optimized for thermal stability are preferred to avoid droplet breakdown.  Often cell 1092 
viability is a critical aspect of the workflow to retain cells for further analysis or 1093 
outgrowth, the surfactant should be assessed for long-term biological compatibility 1094 
before committing to extensive experimental programmes.   1095 
 1096 
It should also be noted that these oils are classified as per and polyfluoroalkyl 1097 
substances (PFAS) which are coming under increased scrutiny due to their long-term 1098 
environmental impact.  Alternative non-PFAS materials are starting to be developed 1099 
as replacements which will enter the market in the coming years and become the 1100 
default materials for droplet-based methods.    1101 
 1102 

5.8  Future directions 1103 
Droplet microfluidics is now a well-established technique for rapid single-cell 1104 
functional assessment in the context of natural product discovery.  Future work will 1105 
continue to integrate this core technology into screening pipelines. For example, 1106 
droplets are uniquely suited to metagenomic studies as the compartmentalization 1107 
fundamentally supports maintaining phenotype-genotype linkage.  Droplets can also 1108 
support synthetic biology approaches whereby large perturbation libraries are 1109 
generated (either rationally or through random approaches) and then screened to better 1110 
understand genetic pathways. 1111 
 1112 
These benefits are further amplified in the context of machine learning approaches. 1113 
AI-type deep neural network models rely on large quantities of high-quality, unbiased 1114 
data for training: droplets provide this repeatable, high-throughput, low-cost platform 1115 
to generate such data sets.  For example, using AI models to predict functional BGCs 1116 
could be supported using droplet-based methods to establish large robust training data 1117 
sets and carry out post-prediction functional validation.  Zhou et al (186) provide an 1118 
overview of potential synergies between AI models and droplet microfluidics, both 1119 
using droplets to generate data and using AI models to improve droplet assessment 1120 
and screening. 1121 
 1122 
While droplets are typically used for isolating and assessing single cells, an interesting 1123 
technique is cell-cell pairing, whereby droplets are assembled with one of each type of 1124 
cell.  This approach allows high-throughput techniques to assess true in-context 1125 



biological function, such as directly identifying novel bioactive compounds from 1126 
environmental samples at scale.   1127 
 1128 
6 Conclusion 1129 
 1130 
The original “Golden Age” of natural product discovery was powered by a single 1131 
screening paradigm: the “Waksman Platform.” By the late 1970s, however, the 1132 
limitations of this approach became clear, contributing to its decline and the 1133 
pharmaceutical industry’s subsequent retreat from natural product exploration. Today, 1134 
a suite of emerging technologies has the potential to rekindle interest in natural 1135 
products, particularly if integrated into a unified, high-throughput discovery platform. 1136 

Metagenomic sequencing has revealed a far greater diversity of BGCs than previously 1137 
appreciated, suggesting that many organisms—both cultured and uncultured—have 1138 
the capacity to produce a broader range of natural products than currently realised. 1139 
Yet significant challenges remain. Successfully cloning and expressing large DNA 1140 
fragments (>50 kb) from metagenomic libraries is still technologically demanding, 1141 
and activating silent or poorly expressed BGCs represents another major bottleneck. 1142 

Beyond metagenomics, the iChip and its variants now enable access to previously 1143 
uncultivable microbial “dark matter,” which constitutes more than 99% of bacterial 1144 
species. Although early implementations are relatively small-scale, combining the 1145 
iChip with high-throughput techniques—such as droplet-based microfluidics—could 1146 
provide platforms that meet modern pharmaceutical demands. Droplet microfluidics 1147 
enables ultra-high-throughput, low-volume screening workflows, facilitating the rapid 1148 
identification of cells producing compounds of interest and supporting downstream 1149 
directed evolution and gene editing strategies. Moreover, complementary approaches 1150 
like SMIRC promise to further illuminate the chemical diversity available, providing 1151 
additional pathways for discovering novel compounds. 1152 

Taken together, these advances have the potential to create a modern successor to the 1153 
Waksman Platform. By integrating metagenomic approaches, iChip-enabled 1154 
cultivation, droplet-based screening, and other emerging technologies, we may usher 1155 
in a new era of natural product discovery. 1156 
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