Your Gut is a Chemical Plant.

I. Personal Motivation

I believe a shared experience amongst every Chemical Engineering undergraduate's education,
like mine, is where the textbook abstraction suddenly becomes real. For me, it happened
midway through a module on continuous stirred-tank reactors (CSTRs), which I sometimes
still have nightmares about. My lecturer was walking through a classic example, a biological
fermentation process in which microbes consume a substrate feed, catalyse biochemical
reactions, and produce a desired output. The system, she explained, had to be carefully
managed. Feed it the wrong substrate composition, alter the temperature, or introduce an
inhibitor, and the microbial population would crash. The product yield would collapse. The
plant would go into an unrecoverable upset. I remember thinking: wait, isn’t this exactly what

happens to the human gut? Not metaphorically, but literally.

The human gastrointestinal tract is, by any rigorous engineering definition, a continuous
bioprocess system. It has substrate inputs (food), resident microbial catalysts (the gut
microbiome), residence time control (peristalsis), product outputs (short-chain fatty acids,
neurotransmitter precursors, immune modulators), and feedback regulation loops. It is, in the
most direct sense, a chemical plant inside our bodies. And yet, in four years of studying reaction
engineering, mass transfer, and process systems, not a single lecture connected this engineering
framework to the ecosystem living inside us. That gap bothers me. Because if we understood
the gut the way a chemical engineer understands a reactor, we might ask very different
questions about how we treat it. We might be more careful about what we feed it, more alarmed
about what disrupts it, and more sceptical about the interventions we routinely apply to it. This
essay is my attempt to bridge that gap, and to ask an uncomfortable question: are we, in our
enthusiasm for pharmaceutical solutions and processed convenience, unknowingly sabotaging

one of the most sophisticated bioprocesses in nature?

II. My Engineering Analogy

To appreciate why the gut microbiome is so vulnerable to disruption, it helps to first appreciate
how it functions. The human large intestine houses an estimated 38 trillion microbial cells,
representing over 1,000 species, collectively encoding more than 3 million unique genes
(Sender et al., 2016). This is not a passive collection of organisms. It is an active, co-regulated

system in which microbial communities perform metabolic functions that the human genome
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alone cannot accomplish. In engineering terms, the colon functions as a series of plug-flow and
mixed reactors with progressively changing substrate availability, pH gradients, and oxygen
tension. The proximal colon, rich in rapidly fermentable carbohydrates, behaves like a high-
activity CSTR with fast microbial turnover and high gas production. The distal colon, substrate-
depleted, is slower, more selective, and dominated by specialists (Macfarlane and Macfarlane,
2012). Each zone has its own microbial community, its own reaction kinetics, its own product
profile. The key products of this bioprocess are not waste. Short-chain fatty acids (SCFAs),
primarily acetate, propionate, and butyrate are produced by fermentation of dietary fibre and
serve as energy substrates for colonocytes, regulators of appetite hormones, and modulators of
systemic inflammation (Koh et al., 2016). Butyrate in particular is the primary fuel for the cells
lining the colon wall. Without adequate microbial production of butyrate, the colonocyte
literally starves. The process engineering analogy is almost too neat, where the gut epithelium
is the downstream customer of the microbial fermentation unit, and if the fermentation unit
underperforms, the downstream suffers. The gut also produces a striking array of neuroactive
compounds. Approximately 95% of the body's serotonin is synthesised in the gut, with
microbial metabolites playing a regulatory role in this synthesis (Yano et al., 2015). The vagus
nerve provides a direct communication channel from gut to brain, meaning that the microbial
community inside us is not merely processing food. It is, in a very real sense, sending signals
to our nervous system. A chemical engineer would recognise this as a feedback control loop,

except the controller is a living ecosystem rather than, say, a PID algorithm.

II1. The Unintended Consequences of Modern Life

With this engineering framing in place, the fragility of the gut microbiome becomes much
easier to understand. In process engineering, reactor upsets occur when operating conditions
deviate from the design envelope. The microbial community though has a tolerance range. Push
beyond it, and you do not merely reduce yield. You can trigger cascading failures that are
difficult to reverse. Antibiotics are perhaps the most dramatic example of what engineers would
call a broad spectrum inhibitor. They do not selectively target pathogenic organisms. They
disrupt microbial communities wholesale. A standard course of broad spectrum antibiotics can
reduce gut microbial diversity by 25-50%, with some species requiring months to recover and
others never returning to baseline (Jernberg et al., 2010). In a manufacturing context, this would
be catastrophic. Imagine purging half the catalyst inventory from a reactor to eliminate a single
contaminant, with no certainty that the lost catalysts could be restocked. That is, approximately,

what happens when a patient takes a two week course of amoxicillin for a sinus infection. The
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problem is compounded by dietary patterns. Microbial fermentation is substrate driven. The
organisms that produce butyrate, propionate, and other beneficial metabolites are specialists
that thrive on complex dietary fibre, particularly resistant starches, inulin-type fructans, and
arabinoxylan (Flint et al., 2012). Ultra-processed foods, which now constitute over 50% of
dietary energy intake in many high-income countries, are largely devoid of these substrates
(Monteiro et al., 2019). The result is a substrate limited reactor: the microbial community that
evolution built to ferment complex plant material is instead fed a homogeneous stream of
refined carbohydrates and emulsifiers, starving the beneficial species and selecting for
opportunistic ones. This is not a hypothetical concern. The marked reduction in gut microbial
diversity observed in populations consuming Western diets compared to traditional or plant-
rich diets is one of the most replicated findings in the microbiome literature (Sonnenburg and
Sonnenburg, 2019). We have, largely through commercial food systems and routine
pharmaceutical use, systematically altered the operating conditions of one of the most complex
bioprocesses in the natural world, and we are only beginning to quantify the downstream

consequences.

IV. Healthcare’s Role

Here, the analysis must become more uncomfortable. If the gut microbiome is a bioprocess that
modern diets and antibiotics are disrupting, the logical question is, why are dietary and
microbiome centred interventions not more central to mainstream medicine? The science
supporting the role of the microbiome in metabolic disease, mental health, autoimmune
conditions, and colorectal cancer is now substantial (Valdes et al., 2018). Faecal microbiota
transplantation (FMT), in which a healthy donor's gut community is transferred to a patient,
has demonstrated remarkable efficacy against recurrent Clostridioides difficile infection, with
cure rates exceeding 90% in some trials (van Nood et al., 2013). And yet, it remains a niche
intervention, largely outside mainstream clinical protocols. It is worth asking whether the
economic architecture of the pharmaceutical industry creates incentives that favour chronic
symptom management over root cause microbiome restoration. A drug that must be taken daily
for irritable bowel syndrome is, from a commercial standpoint, more valuable than a dietary
protocol that permanently restores microbial function. At this juncture, I would like to state
that this is not a conspiracy. It is a structural dynamic that has been observed across multiple
disease areas and acknowledged even within the medical literature (Stuckler and Nestle, 2012).
The question is not whether pharmaceutical companies are malicious. It is whether a system

optimised for drug development is well positioned to champion solutions that look like food or

Juan Joy



probiotics rather than molecules. There is also a knowledge gap within clinical training itself.
Despite the explosion of microbiome research, the average medical curriculum dedicates very
little time to the gut microbiome and even less to the role of diet in shaping it (Devries et al.,
2019). In my opinion, a physician who is not trained in fermentation biology, substrate kinetics,
or microbial ecology is not equipped to counsel patients on microbiome centred approaches.
This is arguably where the chemical engineering perspective adds genuine value: not as clinical
expertise, but as a process-thinking framework that asks different questions. If we are managing
a bioprocess, what are the operating parameters? What are we doing to the catalyst? These are
not questions currently embedded in standard clinical practice. But they may be exactly the

right questions.

V. A Process Thinking Approach to Gut Health

The encouraging development is that the scientific community is beginning to converge on
interventions that, through an engineering lens, make intuitive sense. Dietary fibre
supplementation, precisely because it restores the substrate feed for SCFA-producing
microbes, has demonstrated consistent improvements in microbial diversity and markers of gut
health (Dahl et al., 2023). Precision probiotics, targeted at specific metabolic deficits rather
than generic supplementation, represent a move towards what engineers would call controlled
inoculation of desired microbial species. And FMT, despite its clinical novelty, is essentially a
full community transplant, analogous to re-seeding a reactor with a healthy microbial
consortium after a catastrophic upset. None of these interventions are simple. Microbial
communities are non-linear systems with chaotic properties. What works for one patient's
microbiome may not work for another, because no two reactors are run under identical
conditions. The field of personalised nutrition, which attempts to tailor dietary interventions to
individual microbiome profiles, is still in its early stages (Zeevi et al., 2015). But the trajectory
is clear. The future of gut health is not a single antibiotic or a universal probiotic. It is a process

optimisation problem, one that requires understanding the system before intervening in it.

From a Chemical Engineering standpoint, this is familiar terrain. We do not add chemicals to
a reactor without first characterising the system. We do not change operating conditions
without understanding the downstream consequences. We model, we monitor, we iterate. The
irony is that medicine, with all its sophistication, has for decades treated the gut as a black box.

Microbiology and engineering together suggest that it is time to open it.
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VI. Conclusion

The gut microbiome is one of the most complex and consequential biological systems in the
human body. Framing it as a continuous bioprocess does not reduce it. Rather, it opens new
and productive ways of thinking about how it functions, why it fails, and how it might be
restored. Antibiotics and ultra-processed diets are not inherently villainous, but they are
powerful perturbations to a finely tuned system, and their cumulative effects on microbial
diversity deserve far more clinical attention than they currently receive. Chemical engineering
teaches you to think in systems, to ask what happens downstream when you change something
upstream. I had never consciously applied that framework to my own body. Having done so, I
find myself more sceptical of the assumption that pharmaceutical solutions are always the best
response to gut related conditions, and more curious about the process conditions, diet,
lifestyle, stress, sleep, that we are running our internal bioprocesses under. The most interesting
problems I can imagine are not the ones that exist entirely within a single discipline. They are
the ones that live at the edge of two fields that do not usually talk to each other. The gut
microbiome, sitting at the intersection of microbiology and process engineering is exactly that

kind of problem. It is, as all things are, an optimisation problem.
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