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Abstract 
 

Low molecular weight gels are an interesting class of soft solids formed when an external trigger 

causes a molecule to self-assemble into fibres. Interactions between molecules during the self-

assembly are driven by non-covalent interactions such as hydrophobic interactions and hydrogen 

bonding. The fibres can entangle to immobilise the solvent in a fibrous matrix forming a soft solid. 

Since gel formation is driven by non-covalent interactions, the process of gelation is reversible 

meaning that removal or reversal of the trigger results in the solid returning to solution. The 

reversibility of this process leads to numerous potential applications in drug delivery, pollution clean-

up and 3D printing.      

However, issues persist around the design and synthesis of new gels. Although there are reports of 

machine learning models that can predict whether a molecule can form a gel, these models were built 

with hard to interpret descriptors.   

Within this thesis Chapter 2 focuses on building classification models that show comparable 

performance to models presented in the literature but are built on interpretable descriptors. In this 

work, both Random Forest and Partial Least Squares show excellent performance across measures 

including Kappa, Balanced Accuracy and H-Measure on the test and validation sets using both Pipeline 

Pilot derived and RDKit derived interpretable descriptors.    

In Chapter 3 work moves towards predicting the properties of those molecules that do form gels. In 

particular, the models are trained to predict the storage and loss moduli of the gels. Our Random 

Forest and k-Nearest Neighbours approaches show good performance in terms of R2 and RMSE on the 

test and validation sets but show reduced predictive ability on an external set of molecules.   

Following this, Chapter 4 uses Bayesian Additive Regression Tree Models (BART) models trained on 

storage and loss moduli that show comparable performance to the Random Forest model presented 

in Chapter 3. However, the BART models have the benefit of displaying uncertainty of the quantitative 

predictions through the predictive posterior distribution.   

Finally, Chapter 5 deploys the Random Forest classifier and BART regression models in a De-novo 

generative approach to identify potential low molecular weight gelators with preferred rheological 

properties. Both an evolutionary algorithm and recurrent neural network approach are explored 

which generate molecules with user defined storage and loss moduli. However, these approaches 

require improvement to increase the diversity of the proposed molecules.  
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1.1 Molecular Gels  
Gels are an incredibly interesting class of soft solids that are widely found throughout society. They 

consist of a three-dimensional network that encompasses a liquid. For hydrogels, this liquid is water. 

There has been much argument over the years about how to best define a gel but the IUPAC defines a 

gel as a “Non-fluid colloidal network or polymer network that is expanded throughout its whole 

volume by a fluid.”1 Although these materials are predominantly covalently bonded polymer networks, 

they can also be formed using supramolecular networks. Figure 1.1 gives a general overview of 

supramolecular assembly.  

 

Figure 1.1: Example of molecular self-assembly in supramolecular gels adapted from Okesola et al.2 

1.1.1 Gel Formation 

 

Supramolecular gels, or Low Molecular Weight Gels (LMWGs), are similar to polymer gels except that 

it takes comparatively little effort to destroy the networks encompassing the fluid than it does in a 

polymer gel due to the non-covalent nature of the interactions in these systems.3 LMWGs are formed, 

initially, by the dissolution of the gelator (which usually for hydrogels take the form of amphiphilic 

molecules) in a suitable solvent (i.e. water). Common precursors include functionalised di/tripeptides 

(Figure 1.2) - typically a hydrophobic aromatic group bound to a dipeptide or tripeptide of either 

hydrophobic or hydrophilic amino acids. The hydrophilic portions of the molecule aid in solubility of 

the system and act as a barrier to crystal formation by retaining some solubility.4 Hydrophobic 

portions, particularly the aromatic groups, can aid in the self-assembly through hydrophobic 
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interactions with water and through π-π interactions with other precursor molecules. In water, 

hydrophobic interactions are the biggest driving force governing self-assembly  in proteins.5   

 

Once in solution, an external trigger is applied to the solution, such that the solubility of the gelator is 

reduced in solution triggering self-assembly. Triggers that can result in gelation include: a temperature 

jump6, addition of metal ion7 or a pH change.8 Once the trigger is applied, the solubility of the precursor 

in solution is reduced until aggregation of the molecules becomes more favoured to dissolution. For 

example, gels containing peptide chains as shown in Figure 1.2 are typically prepared by first adding 

the molecule to water with the addition of a base such as NaOH which acts to deprotonate the terminal 

carboxylic acids of the peptide chain and increase the solubility in water to allow dissolution.9 Addition 

of glucono-δ-lactone (Figure 1.3), which slowly hydrolyses to gluconic acid, results in a uniform drop 

in pH, re-protonating the carboxylic acids and decreasing the solubility in water, driving self-assembly. 

10   

 

 

Once self-assembly is triggered, the molecules organise into one dimensional fibres that are typically 

on the scale of 1 µm in length. Once organised into fibres, these fibres can then act to immobilise the 

solvent in a fibrous matrix via branching or cross-linking. Surface tension between the solvent and the 

fibres helps to immobilise the solvent and results in the formation of a gel.11 

Figure 1.2: Example of dipeptide and tripeptide small molecules that successfully form gels. 

Figure 1.3: Hydrolysis of glucono-δ-lactone to gluconic acid 
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1.1.2 Applications of gels 

 

Since the formation of the gel state is facilitated by non-covalent interactions, removal or reversal of 

the trigger that caused gelation will cause a breakdown in the fibrous matrix as the solubility of the 

constituent molecules increases, and the molecules return to solution. This reversibility has been 

leveraged as the key to a range of potential interesting applications of these materials.  

One of the most promising applications of these materials is within biology and medicine, particularly 

in drug delivery and cell culturing. In cell culturing, cells are typically grown on top of a stiff (sometimes 

glass) film which only allow cells to receive signals and differentiate in two-dimensions when the cells 

are sat on top of the plate.12 However, in the body, cells can differentiate in the extracellular matrix 

(ECM) in three-dimensions and groups have utilised gels as a potential mimetic for the ECM for cell 

growth. Alakpa et al.13 designed a range of Fmoc based supramolecular gels (molecules shown in 

Figure 1.4) of varying stiffness and compared the differentiation of stem cells with a glass control. 

Interestingly, they find that the cells differentiated via osteogenic, neuronal and chondrogenic 

pathways depending on the medium within which they were cultured.  

 

Figure 1.4: Fmoc based gels exhibiting varying stiffness in the cell differentiation work by Alakpa et al13 
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Another approach14 with similar results uses functional groups within the hydrogel to control 

differentiation of stem cells down targeted pathways through careful consideration for the nature of 

the functional group.  

Not only can these gels be loaded with stem cells for cell culturing, but they have also been loaded 

with drugs or a gel formed from the drug for selective release of therapies at the site of action. Nandi 

et al.15 synthesised a range of peptides with long alkyl chains (Figure 1.5) and tested their antimicrobial 

activity against both gram positive and gram negative bacteria and found some peptide based 

hydrogels that exhibit intrinsic antimicrobial activity. Others have attempted to repurpose 

commercially available drugs as gels.  

 

Vancomycin is one such example of a drug that has been repurposed as a gel.16  An important 

antibiotic, Vancomycin can be gelled in water by structurally modifying the drug with a pyrene residue 

at the C-terminus (Figure 1.6), causing the drug to become a hydrogelator. The gel version of the 

antibiotic was found to be incredibly potent (between 0.125–2 µg.mL) which is 8- to 11-fold dilutions 

lower than free vancomycin. Other important drugs modified to form gels, but still retain some activity 

include Ibuprofen. Addition of a glycine-glycine dipeptide transformed ibuprofen into a gelator which 

could be cleaved enzymatically to return ibuprofen at the site of action.17 Another example is 

paracetamol which can be converted to a hydrogel pro-drug which can be loaded with drugs or stem 

cells or cleaved to re-form the active drug.18 

Figure 1.5: The long alkyl chain gels screened for antibacterial activity in Nandi et al. Figure adapted 
from [15] 
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Figure 1.6: Pyrene modified Vancomycin as reported in Xing et al.16 Figure adapted from [16] 

Sáez et al.19 have utilised the versatility of supramolecular hydrogels by attaching a drug candidate to 

a self-assembly fragment via a spacer (Figure 1.7). Utilising a lysine-based gelling moiety, enzymatic 

cleavage of the p-aminobenzyloxycarbonyl linker releases the phenylethylamine (model drug in Figure 

1.7) and benzylamine (self-immolative linker in Figure 1.7) from the lysine gel. Following this, self-

immolation of the phenylethylamine and benzylamine moiety allows for a sustained release of the 

drug into the site of action.  

 

Figure 1.7: Lysine based gel reported by Sáez et al.19 for sustained release of benzylamine and phenethylamine. 
Figure adapted from [19] 
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Li et al.20 modified olsalazine (Figure 1.8), an anti-inflammatory prodrug of 5-aminosalicylic acid, by 

appending a tripeptide moiety which forms a supramolecular hydrogel. They found that reduction of 

the hydrogel via a pH change afforded the 5-aminosalicylic acid drug in solution.  

 

Figure 1.8: Figure from Li et al.20 showing the olsalazine tripeptide moiety and the subsequent reduction to release olsalazine 
in solution. Figure adapted from [20] 

In the case of vancomycin, not only has it been successfully converted into a hydrogelator, it has also 

been loaded into polymeric nisosomes which were found to have a 2.5 fold increase in activity against 

MRSA than the free solution.21 Not only have drugs been loaded into polymer gels, they have 

successfully been loaded into supramolecular hydrogels also.  

LMWGs have been investigated for their ability to act as carrier systems for drug delivery. Friggeri et 

al.22 loaded N,N′ -dibenzyoyl-L-cystine (DBC, Figure 1.9) LMWGs with both 8-aminoquinoline (AQ) and 

2-hydroxyquinoline (HQ) and investigated the kinetics of their release from a cysteine based hydrogel. 

They found that hydroxyquinoline was released 7x faster than aminoquinoline – attributing this to 

stronger interactions between drug and gelator, hypothesising that fine-tuning of drug-gelator 

interactions can help achieve optimal release of a drug from a gel.    
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The potential applications of these systems are not limited to the medical field. Groups have leveraged 

the stimuli responsive nature of these systems in far reaching applications, such as pollution removal. 

Gels have been developed to selectively gelate to remediate oil spills2,23 and remove ions and dyes 

within wastewater.24  

 The potential versatility of these materials is further evident in their potential uses as sensors, to 

selectively gelate in the presence of glucose to detect glucose levels25 or, similar to cell culturing, act 

as the environment for enzymatic sensing using, for example, Ca probes or pH probes.26  

1.2 Difficulties in finding new gels  
 

The plethora of potential applications for these materials has caused them to receive increasing 

interest. However, the formation of gels has been described as a serendipitous process, and no design 

rules exist to successfully form gels. Although, as described above, the inclusion of amphiphilic 

moieties with aromatic anchors are ever present in those that successfully gel, the ability of a molecule 

to gelate is finely balanced, and small modifications to structures and solvent systems can dramatically 

alter their ability to gelate.  

Work by Gronwald et al.27 focused on incorporating groups into gelators that are known to promote 

self-assembly, namely sugars.28 In the work, a range of Methyl benzylidine sugars were prepared and 

their gelation ability probed in a range of solvents. Interestingly, they find that the same molecules can 

form a gel in one solvent and forms a precipitate in structurally similar solvents. For example, the sugar 

Figure 1.9: DBC molecule used to form the gels loaded with AQ and HQ in Friggeri et al.22 
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in Figure 1.10 successfully forms a gel in methylcyclohexane. However, in the structurally similar 

solvent cyclohexane – the attempt to gelate results in formation of a precipitate.  

 

Other work has also shown the effects solvent can have on the formation of gelation in organic 

solvents. Here29, a dendritic precursor (Figure 1.11) successfully gelates in 1,2-dichloroethane but 

remains in solution when in 1,1,2,2-tetrachloroethane. These results suggest that solvents play an 

important role in the molecular aggregation that facilitates gel formation and needs to be carefully 

considered when considering the composition of the gelation system.  

 

 

 

 

 

 

Figure 1.10: Methyl benzylidine sugar that successfully forms a gel in methylcyclohexane but produces a 
precipitate in cyclohexane 

Figure 1.11: Dendritic precursor which shows different gelation ability in similar solvents. Figure 
adapted from [28] 
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Although using water as the solvent for a hydrogel system reduces this complexity somewhat, 

complexity remains in the form of structural modification and stereoisomerism. The similarity principle 

states that similar molecules exhibit similar properties.30 However, in the case of gels, even minor 

modifications to a molecule can prevent molecules forming gels.  

This can be seen in the work by Awhida et al.31 which probed the effect of backbone modifications on 

the gelation ability for a range of dipeptides. They found that modification of a single R group from H 

to CH3 in the peptide (Figure 1.12) was enough of a structural modification to cause the molecule to 

no longer gel and instead, precipitate, irrespective of the gelation trigger used.  

 

 

From within the study of the cyclohexane solvents above28, anomers of the same molecule (Figure 

1.13) show differing gelation ability, even in the same solvent. This effect has also been reported 

elsewhere32, where stereoisomers of a F2Phe moiety (Figure 1.14) in water were subject to a pH trigger. 

The results were a solution remaining for the 2S,5R isomer in Figure 1.14 yet a gel formed for the 2R,5S 

isomer. 

 

 

 

Figure 1.12: Modification of R2 from H to CH3 causes the molecule to no longer gel in both a pH 
and dimethyl sulfoxide trigger. 
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Figure 1.14: Stereoisomers that show differing gelation ability in water using a pH trigger in [32]. Left isomer (2S, 5R) forms 
a solution whereas right (2R, 5S) successfully gelates. 

The fine balance of non-covalent interactions that govern the ability of molecules to form gels 

demonstrated above has made it difficult to iteratively modify known gelators in the search for new 

examples. However, the issue is further complicated by the type of trigger used to initiate gelation. 

Molecules have been shown to form a gel using one trigger and fail to gelate, or form gels with different 

properties, when another trigger is applied.31  

For example, the gelator 2NapFF (Figure 1.15a) can form a gel using a pH trigger, a metal trigger or 

through the addition of water to a solution of the gelator in DMSO. However, the molecule fails to form 

a gel from a simple temperature jump.3 This has been shown elsewhere with other naphthalene based 

Figure 1.13: Anomers presented in [27] that show differing gelation ability in diethyl ether 

a) 

b) 
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dipeptides such as the naphthalene based molecule in Figure 1.15b, where the analogues studied all 

formed a gel using a pH trigger, but some fail to form gels in the formation of certain metal triggers.33 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.15: a) 2NapFF gelator that forms a gel under a pH trigger, metal trigger and water addition but doesn’t with a 
temperature jump b) Naphthalene based peptide that forms a gel using a pH trigger but fails to gel using calcium nitrate 
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1.3 Rheology  

1.3.1 Mechanical Properties of Low Molecular Weight Gels  

 

In order to determine whether the material you have created after applying the trigger is a gel and not 

a very viscous liquid, rheology measurements can be carried out on the material to assess its 

viscoelastic properties. Oscillatory rheology is the investigation into the flow properties of a material 

and is used with gels to quantify the elastic nature of the gel, the storage modulus (G′) – how much 

energy the material stores during deformation and the viscous nature, the loss modulus (G′′) – the 

measure of the resistance to flow of the material.  

Rheological results for a material are typically reported at strain values within the viscoelastic region 

(LVR) of the material. The LVR is where the viscoelastic properties of a material are independent of the 

applied strain. Provided the strain applied is within the LVR, the applied strain will be insufficient to 

break the fibrous network. Therefore, strain sweeps are used to determine the critical strain, the strain 

above which the fibrous network in the gel would begin to fail.  

When carrying out a strain sweep, the sample is sandwiched between two parallel plates (Figure 1.16). 

A shear strain is applied to the top plate by oscillation of the top plate at a constant frequency while 

keeping the bottom plate stationary. The displacement of the material caused by the top plate rotation 

is applied as a percentage of the total strain of the material (where 100% would result in a material 

displacement equal to the width of the sample) from 0.01% strain up to 1000%.  

The applied deformation of the sample causes a resultant stress in the material as it opposes the 

applied deformation. The stress induced by an applied strain is measured by a transducer in the 

rheometer as the torque applied by the material to the stationary bottom plate.  

For a purely elastic material, there is no phase difference between the sinusoidal strain applied and 

the measured stress in the material. However, in a purely viscous material, there is exactly a 90° phase 

difference between the applied strain and the measured stress. 
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Since gels are viscoelastic materials, the stress is measured somewhere between the two extremes. 

We can calculate the shear storage and loss modulus from the stress (σ) and strain (ε) using equations 

1.1 and 1.2.  

                                                               𝐺∗ =
σ 

휀 
                                                               (1.1) 

Where G* is the complex modulus, the resistance to deformation of the material, and can also be 

expressed in terms of G′ and G′′ as: 

                                                                     𝐺∗ =  √𝐺′2 + 𝐺′′2                                                     (1.2) 

                          

Where Gʹ and Gʹʹ can be described using equations 1.3 and 1.4  

                                                               𝐺′ =  
𝜎 

휀 
cos(𝛿)                                                     (1.3) 

                                                              𝐺′′ =  
𝜎 

휀 
sin(𝛿)                                                      (1.4) 

Where δ is the phase lag between the sinusoidal stress and sinusoidal strain. G′ and G′′ are inherently 

linked properties of the material as they both contribute to the complex modulus, the overall stiffness 

of the material.  

Figure 1.16: Example of a shear strain being applied from the top plate and the resultant stress of 
the material (Taken from: https://wiki.anton-paar.com/en/basics-of-rheology/) 
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For a gel, the storage modulus is typically an order of magnitude greater than the loss modulus.34 

Indeed, we can calculate the ratio of the loss modulus to the storage modulus, the tan(δ), and when 

tan(δ) < 0.1, the material can be considered a gel.  

1.3.2 Rheology impacted applications  

 

Assessing the resistance to deformation (stiffness) and resistance to flow (viscosity) of a gel is 

imperative as it has been shown to be closely linked to the potential applications of the gel. For 

example, in the above example of the cell culturing work carried out in a range of gels of varying 

stiffness, it was shown that the stiffness of the gel controls the differentiation pathway.13  

Also, the stiffness of the ECM is known to vary throughout the body, ranging from around 0.2-4 kPa in 

lung, liver and kidney tissue to 100 kPa in bone35. Therefore, the stiffness of a gel system acting as a 

mimetic for the ECM for these tissues must have a stiffness that is compatible for cell growth. 

Another mechanical property dependent application of gels is their use as injectable biomaterials. This 

is because the process of injection and forcing the gel through a needle is itself applying a shear strain 

to the gel. Therefore, the gel needs to exhibit the correct mechanical profile to withstand the shear 

strain of injection and reform its solid-like structure.  

Wang et al.36 reported a nucleoside based gel 2-FA (Figure 1.17) which exhibited a storage modulus of 

1 MPa which they claim is the strongest gelator built from a monomer with MW < 300. Shear thinning 

experiments of the 2-FA through injection, showed that the initially formed gel could successfully be 

injected and at 5 wt%, immediately reformed into a gel post injection. In rat studies, the gel was 

administered via a subcutaneous injection and the degradation of the gel followed. Although no 

characterisation of the gel could be performed post-injection, a solid-like mass remained post injection 

that degraded within 6 hours. The injected gel showed no adverse reactions and even displayed 

antibacterial activity against both gram positive and gram negative bacteria. 

 

Figure 1.17: 2-FaFA from Wang et al.36 a bioactive, biocompatible and injectable low molecular weight hydrogel 
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Other examples of small molecule injectable hydrogels have been reported by Xie et al.37 where a 

peptide based small molecule (Figure 1.18) could be injected whilst re-forming the gel state and 

showed excellent inhibitory activity, particularly against B. Subtilis bacteria, where only 2.1% of the 

bacteria remained one hour after treatment with the hydrogel.    

 

 

 

Figure 1.18: Peptide based hydrogel demonstrating excellent inhibitory activity against B. Subtilis in Xie et al37 

 

Other work, including those containing polymeric gels, have also been reported highlighting the ability 

of gels to display preferential mechanical properties for injection.38,39  Therefore, prior knowledge of 

the mechanical profile of a candidate gel is useful in gauging its suitability for any particular application.  

1.3.3 Process impact on mechanical properties  

 

However, like in the formation of the gels, the process, solvent and trigger utilised to create the gel are 

responsible for controlling the mechanical properties of the solids. In work by Nolan et al.40 they gelate 

two molecules (1 and 2 in Figure 1.19) for 3D printing using both solvent and pH trigger methods and 

found that the gels formed from the solvent trigger provided a more continuous print than the same 

molecular gel formed from a pH trigger.   

 

Figure 1.19: Molecules that are capable of forming gels for 3D printing displaying a more even print from a 
solvent trigger when compared with those formed through a pH trigger in Nolan et al.40 
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Moreover, comparison of the rheology of Fmoc based gels (Figure 1.20) formed by both Ca2+, Cu2+ and 

Na+ metal triggers show that for the same molecule, Ca2+ and Cu2+ triggers result in gels that are an 

order of magnitude stiffer than the gels formed by the Na+ trigger. Moreover, the metal triggered gels 

were all stiffer than the same molecules formed using a pH trigger.41 

 

Other instances of trigger controlled mechanical properties were reported by Adams et al.10 which 

showed that the process of pH change to trigger gelation had an impact on the resulting stiffness of 

the gels. Gels of an Fmoc based dipeptide (Figure 1.21) prepared using HCl as the pH change, resulted 

in gels with a G′ of 5 kPa. However, forming gels from the same pre-cursor using the glucono-δ-lactone 

trigger resulted in gels with a G′ of 184 kPa. These results further highlight the complexity governing 

gel formation and its subsequent properties.  

 

 

 
 

 

 

Figure 1.20: Fmoc based molecules whose gels are stiffer from Ca and Cu triggers compared with those formed from Na 
trigger. Figure adapted from [41] 

Figure 1.21: Fmoc based gelator from Adams et al.10 displaying pH trigger dependent rheology 
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1.4 Computational Investigations for Gels  
 

Given the sheer complexity involved in the discovery of new gels, research groups have explored 

predictive tools to explore this vast chemical space and attempt to streamline the discovery of new 

gels. The simplest of these approaches are attempts to correlate solubility parameters, δd  (the energy 

from dispersion forces between the molecules), δp  (the dipolar intermolecular force energy between 

the molecules) and δh (the energy from hydrogen bonds between molecules) with gelation.  

One such approach involves plotting the Hansen solubility parameters for THF/water mixtures known 

to cause or disrupt gelation for a particular gelator. Spheres of gelation can be constructed for a solvent 

(Figure 1.22a) which show, depending on the Hansen solubility parameters for a new gelator (Figure 

1.22b), if the molecule is likely to form a gel in that particular solvent mixture.42 The idea of correlating 

molecular gelation to solvent properties has been further explored elsewhere.43 

 

More complex computational approaches have also been explored to try and rationalise and 

understand the process of gelation. Density functional theory-based approaches have been explored 

to investigate the relationship between gel fibres and solvents to rationalise gel formation. Meng et 

al.44 investigated the interactions between urea based hydrogelator (Figure 1.23) and water and found 

that significant interactions between water and urea at short distances were evenly distributed across 

the molecular backbone – hinting that the gelation ability of this hydrogelator is linked to its strong 

uniform interaction with the water phase.  

Figure 1.22: a) Hansen solubility sphere for molecule P7 from Yan et al. where red = insoluble, blue = 
solube and green = gel. b) Molecule P7 (n = 7). Figure adapted from [42] 
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Mu et al.45 further investigated the self-assembly of gelators, this time utilising molecular dynamics 

(MD) simulations. Here, they utilise MD simulations of a Fmoc-AA (Figure 1.24) dipeptide in water and 

find that the Fmoc moiety forms hydrogen bonds with the water – disagreeing with an earlier 

hypothesis that Fmoc was buried within the fibre and suggesting it plays an important role in the self-

assembly in this system.  

 

MD simulations have also been utilised in tripeptides by Moreira et al.46 Here, they use coarse-grained 

simulations to computationally screen potential dipeptides and investigate the likelihood that they 

form a multi-component gelation system with a tripeptide, H-aspartyl-phenylalanyl-phenylalanine-OH 

(DFF) (Figure 1.25), and find dipeptides that produce better multicomponent gels than DFF alone.   

Figure 1.23: Urea based gelator from Meng et al.44 

Figure 1.24: Chemical structure of the gelator FmocAA used by Mu et al45 

Figure 1.25: Structure of DFF that forms part of the multicomponent system with improved 
gelation in Moreira et al46 



30 | P a g e  
 

Although work investigating the relationship of the gelator-solvent system are invaluable, they have 

the drawback that they are not predictive and thus cannot be used to quickly screen new molecules 

and generate new potential gelators. To this end, groups have turned to the improvements in machine 

learning (ML) that can act as a rapid screening tool for the gelation ability of molecules under certain 

conditions.  

The first such report of a ML model that was a predictive tool for the gelation ability of molecules was 

from Gupta et al.47 Here, they presented a range of ML models that are able to predict the gelation 

ability of a molecule using a glucono-δ-lactone trigger – purely from a text representation of the 

molecule. This approach allows for the rapid screening of molecules, through the presented webpage, 

of molecules to accelerate potential gel discovery. Other groups have presented similar ML 

approaches48 and others have even combined MD simulations as the descriptors for the ML model to 

learn from.49 

The examples outlined above outline the power of computational approaches and their increased 

prevalence in materials chemistry. Machine learning in particular is becoming much more widely used 

within chemistry.50  

1.5 Machine Learning  

1.5.1 Background to Machine Learning 

 

Improvements in computation ability over the last 40 years have revolutionised the way we live our 

lives and possibly the most impactful of these has been the advances in machine learning. Machine 

learning involves utilizing computers to detect patterns in data which can then be used to form 

predictions on new, unseen data.51 To do this, the computer is shown data with known values of 

interest and it attempts to find relationships between the data and the values of interest, using 

algorithms that differ in terms of both methodology and complexity, in what is known as the “training” 

phase of the predictive model.52 We can then use the relationships deciphered during the training 

phase to make predictions on data where the true value is unknown.  

“Artificially intelligent” systems built using this training and testing approach are already ingrained in 

everyday life. From self-driving cars to search engine autocomplete, machine learning systems can 

advance all walks of life, with their application seen in more and more diverse disciplines. The field of 

chemistry is not unique in this, having seen rapid growth in the use of machine learning with the 

practice penetrating more and more fields within chemistry.  
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1.5.2 Artificial Intelligence in Chemistry – Quantitative Structure-Activity 

Relationships 

 

Models built within a chemistry context aim to relate chemical structures to properties of interest. 

Building models using this approach exploits the similarity principle, which is that similar molecules 

should exhibit similar properties.30 This allows for the development of models dependent on molecular 

structure. One of the earliest examples of such a model is the Hansch equation53 (equation 1.3), which 

was applied to a series of phenoxyacetic acids acting as plant hormones. The equation utilises the 

octanol-water partition (π) and the Hammett constant (σ) of a series of analogues to predict the 

biological activity, c, in terms of the concentration of the phenoxyacetic acids which induces 10% 

growth in the Avena coleoptiles plant assay.  

They found that Equation 1.5 correlates very closely with observed activity and is credited as being the 

first example of mathematically linking molecular structures with a property of interest. This work has 

also been credited as being the foundation of an entire scope of molecular modelling; Quantitative 

Structure-Activity Relationships (QSAR).  

                                                 log (
1

𝑐
) = 4.08𝜋 − 2.14𝜋2 + 2.78𝜎 + 3.36                             (1.5)                                                                          

The process of building predictive models using computers is widely deployed in the field of drug 

discovery. Predictive models, within the context of drug discovery, have the potential to speed up hit-

to-lead optimisation54 by deploying models that can accurately predict ADMET properties.55 The ability 

to predict properties such as toxicities for a range of compounds simultaneously prevents the 

unnecessary time spent synthesising molecules with undesirable toxicity profiles, not to mention the 

cost-associated benefits of such a tool.56  

Therefore, much of the advancement in QSAR and molecular modelling have been driven by this desire 

to speed up lead optimisation. One of the earliest examples of a QSAR model being utilised in drug 

development is the case of the antibiotic, norfloxacin, active against gram-negative bacteria that cause 

urinary tract infections. Here, they use a Hansch equation to find analogues of commercially available 

nalidixic acid with improved activity.57 After QSAR analysis, the analogue that would be marketed as 

Noroxin (Figure 1.26) was synthesised and shown to have a 500 fold improvement in minimum 

inhibitory concentration over nalidixic acid.57 
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Another example of the early implementation of QSAR that resulted in commercial deployment of a 

molecule is that of the herbicide Metamitron (Figure 1.27) where QSAR analysis linked the octanol-

water partition coefficient to photosynthesis inhibition activity for a range of analogues. Each set of 

analogues investigated the effects of a particular substituent on biological activity and determined how 

each R-group affected photosynthesis inhibition. They produce a Hansch equation for the predicted 

IC50 based upon the octanol-water partition coefficient with good correlation coefficient (R=0.95). 

Then, this equation is coupled with a lipophilicity term to give an overall equation for the log(1/ED50) 

to accurately predict the photosynthesis inhibition ability of analogues against cotton and wheat.58 

 

 

 

Figure 1.26: Structure of Noroxin that shows 500-fold improvement in MIC over Nalidixic acid.  

Figure 1.27: Chemical structure of the herbicide Metamitron from an early implementation of QSAR in [58]  
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These are just some examples of early successes of mathematically linking properties of molecules to 

a property of interest to synthesise more effective molecules, quicker and cheaper. Although these 

examples are simple, they form the basis for the more complex models that are built today. An increase 

in the quality and amount of data available has allowed for the generation of more complex models 

using more complicated and computationally intensive algorithms.  

Although QSAR modelling has its roots in drug discovery, it has become commonplace in the field of 

materials chemistry. Machine learning has been used by groups investigating green energy to: predict 

the band gap of perovskites for their use in applications such as photovoltaics59, utilise machine 

learning for the high-throughput screening of new catalysts60 and repurpose failed experiments to 

predict future reaction success for new material discovery.61 In the work to predict the band gap of 

perovskites, they train a kernel ridge regression (KRR) model using a dataset of double perovskites 

from the Computational Materials Repository. Using 90% of their dataset the KRR is trained and 

predictions generated using the remaining 10%. They achieve R2 between calculated and predicted 

band gaps of 0.96 on the training set and 0.90 on the test set, showing good predictive performance.59  

 

1.5.3 Background to QSAR 

1.5.3.1 QSAR Process 

 

QSAR models are generally built using the same four major steps and the process is summarised in 

Figure 1.28. First, the data used to build the models has to be generated. Historically this was limited 

to having to synthesise a range of molecules, measuring the experimental endpoint and build the 

models on this relatively limited dataset. However, today, there are numerous datasets containing 

upwards of millions of molecules that can be used as molecules for QSAR modelling. Examples of such 

datasets are the ZINC database, a database of over 230 million commercially available compounds62 

or ChEMBL, a database of over 2 million bioactive molecules with drug-like properties.63 However, 

these do not always contain molecules within the chemical space of interest or have the experimental 

endpoint that you are trying to model.   
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Figure 1.28: Generic overview of the QSAR process 
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Once a dataset is obtained, descriptor representations of the molecules (see 1.5.3.2 Molecular 

Descriptors) need to be calculated for input into the modelling algorithm. To do so, the molecule must 

be represented in a computationally readable format. Usually, the basis for calculating descriptors is 

the Simplified Molecular-Input Line-Entry System, or SMILES64, representation of the molecule. The 

SMILES representation is a text-based representation of the molecular structure that allows the 

specification of atoms using characters, such as C for carbon, O for oxygen etc. and bonds as special 

characters such as ‘-‘ for a single bond, ‘=’ for a double bond and ‘:’ for an aromatic bond. SMILES can 

be interconverted between the text representation and 2D/3D representations using various software 

packages and make for an attractive representation for molecules, owing to their simplicity.  

1.5.3.2 Molecular Descriptors  

 

Once in a computationally readable format, molecular descriptors can be calculated. The ability to 

build models for use in the range of applications described above has been spearheaded by the 

advancement in chemical descriptors used to encode the molecules. The performance of any model 

hinges on the ability of the descriptors to accurately represent the molecules and their properties - if 

the descriptors do a poor job of describing the molecule, then performance is likely to suffer. 

Therefore, it is imperative that appropriate molecular descriptors are used for a given context in model 

building and, thanks to advances in the field, there are numerous types of descriptors to choose from 

– differing in complexity to calculate.   

Molecular descriptors are diverse, spanning the range of 0 dimensional (0-D) descriptors, to 4-D 

descriptors. 0-D descriptors are molecular descriptors that do not take into account molecular 

structure or atom connectivity and are counts of a particular property, such as the number of rings, 

the number of hydrogen bonds or the molecular weight.65 

Increasing in complexity, the 1-D descriptors consider substructures within the molecule and are 

generally a binary representation of the absence or presence of particular substructures in the 

molecule. These are generally fingerprint descriptors and are discussed in further detail below. LogP, 

the measure of hydrophobicity of a molecule, and the number of hydrogen-bond donor and acceptor 

atoms are also considered 1D descriptors.  

Increasing in the complexity from 1D descriptors, 2D descriptors also consider the connectivity within 

the molecule as a molecular graph.66 2D topological descriptors include adjacency matrices67 that 

encode information about the molecular graph and topological indices which apply a mathematical 

operation to the molecular graph to represent them as a numeric value, or set of values.68  
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3D and 4D descriptors further increase the complexity by considering the molecule as a geometric 

shape in space, expressing the location of atoms as their Cartesian coordinates in x-y-z space. An 

example of a 3D descriptor is the 3D-MoRSE descriptor69 which represents 3D molecular 

representations based on electron diffraction transformations.70 4D descriptors take it even further 

by considering interactions between the molecule in 3D space with either a receptor or another 

molecule.65 Examples of 4D descriptors include Comparative Molecular Field Analysis (CoMFA) and 

Comparative Molecular Similarity Indices Analysis (CoMSIA).71  

However, it is 0-D and 1-D descriptors that are the most used in QSAR model building due, in part, to 

their ease of calculation. The most common type of 1D descriptor used in QSAR is the fingerprint 

descriptor. These descriptors give an insight into the presence or absence of certain molecular 

fragments. One common fingerprint descriptor is the circular Extended Connectivity Fingerprint 

(ECFP)72 which calculates the presence of absence of molecular fragments within a given radius.  

To calculate the fragments in the molecule, initially, each atom in the molecule is assigned an integer 

which is placed into an array (Figure 1.29). Then, each atom collects this identifier, and creates a new 

identifier taking into account the identifier of its immediate neighbours and the bond order between 

the atoms. These numbers are then converted back to a single number using a hash function – this is 

the new identifier which is appended to the array.  
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Each iteration of this process “grows” the fragment from the starting atom, giving more information 

as to the local environment of each atom. This algorithm is repeated for a set radius around each 

atom, usually a radius of 4 (Figure 1.30).  This hash key array can then be encoded into a bit string of 

desired length, most commonly a bit string of 2048-bits.   

 

 

 

Figure 1.29: Example of iterative fingerprint generation for the ECFP algorithm. Figure 
adapted from [72] 

Figure 1.30: Example of the iterative updating of the local molecular environment of a given radius 
around an atom. Figure adapted from [72] 
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A similar type of fingerprint to the ECFP is the Functional Class fingerprint (FCFP) - the FCFP is a more 

generic form of fingerprint as it considers the presence and absence of different pharmacophore 

functional groups, such as halogens, hydrogen bond acceptors/donors etc.72 

1.5.3.3 Dimensionality Reduction  

 

Once descriptors are calculated, a common next step in QSAR model building is the visualisation of the 

data. To visualise the dataset, the dimensionality of the set has to be reduced to typically 2 or 3 

dimensions and since the number of descriptors is typically much larger than 3 dimensions, there is 

inevitably some loss of information during the reduction.  

However, many methods for dimensionality reduction attempt to capture as much of the information 

in the dataset in the reduced dimension as possible, like Principal Component Analysis (PCA).73 PCA is 

a popular dimensionality reduction algorithm widely used as a visualisation tool74–76 and as part of pre-

processing for machine learning77–79 (see 1.5.3.5 Data Preprocessing for other examples).  

The aim of PCA is to construct principal components that capture as much of the variance within the 

dataset as possible in each component. To do this, PCA first centres and scales the dataset on each 

feature mean and constructs the covariance matrix for the dataset. From the matrix, the first principal 

component is constructed as a linear combination of the features that have the largest possible 

variation, subject to a constraint that prevents all features being chosen. Then subsequent principal 

components are calculated, again as linear combinations, but such that they are uncorrelated to 

previous principal components.80  

It is common for visualisation approaches, to calculate the first 2-3 principal components for a dataset 

which can then easily be visualised as a 2D or 3D graph whilst retaining as much information as possible 

from the original dimensions.       

Another dimensionality reduction algorithm is the Tree Manifold Approximation (TMAP) algorithm 

used to visualise large chemical datasets.81 TMAP has been used to visualise the fragments in the GDB-

17 fragment library82, large chemical datasets used to predict reaction yield83 (Figure 1.31) and in 

fragment libraries in the potential discovery of new drugs for COVID-19.84 
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Figure 1.31: TMAP plots showing clusters that represent different types of reaction. On the left each colour represents a type 
of reaction and the colour on the right is the literature yields of the reaction. Top refers to reactions on a gram scale and 
bottom is reactions on the subgram-scale. Figure adapted from [83] 

 

It reduces the dimensions of a dataset through four stages, Locality Sensitivity Hashing (LSH) forest 

indexing, and construction of a nearest neighbour graph, calculation of a minimum spanning tree and 

generation of the layout for the minimum spanning tree.  

LSH forest indexing uses a range of locally sensitive hashing procedures to generate variable length 

labels for each data point such that more similar labels equate to more similar points. For more 

information, the reader is directed to the work of Bawa et al.85  Once indexed, a k-nearest-neighbour 

graph (k-NNG) is generated for the indexes and the minimum spanning tree for the k-NNG is calculated 

and represented in Euclidean space. In the MST, branches within clusters represent relationships 

within clusters of the data.  
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1.5.3.4 Data Splitting  

 

With the descriptors calculated, the whole dataset needs to be split into the training and testing 

subsets described earlier. Typically, the dataset is split into at least two sets, though this is not 

necessarily always the case due to a lack of available data. The dataset can be split into a training set 

to try and find the relationship between descriptors (or a subset of them) and the endpoint, a test set 

to either tune the mathematical model describing the relationship or as a test of the models predictive 

ability and a validation set to expose the model to unseen data and further gauge its true predictive 

ability.  

There are numerous methods utilised to carry out this data set split, each with their own advantages 

and disadvantages. The simplest such approach is the random split, where the dataset is randomly 

partitioned into sets of a predetermined size, usually 80% train, 20% test. One issue with a random 

split is that there is no guarantee that the split results in a training set that covers the entire range of 

the dataset.86 One way of overcoming this is what is known as a stratified split which splits the data in 

such a way that all splits are representations of the entire range of the endpoint to be predicted.87 

Groups have presented more complicated methods of data splitting such as the Kennard-Stone 

algorithm88 which selects two points that are furthest apart in Euclidean space and then selects points 

subsequently that maximise the distance from already selected points. The KS algorithm can select a 

fraction of the dataset that smoothly fills the data space for model training.89 Another is the Sphere 

exclusion algorithm90  (summarised in Figure 1.32) which select, initially, the point with the highest 

activity value and places it into the training set. Then a sphere is constructed around this point and 

points within the sphere are placed into the test set. A new molecule is selected that is most or least 

similar to the point used to derive the sphere and the process is repeated.91 
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However, a powerful data splitting procedure is the time-split procedure.92 In a time split procedure, 

the data is split based on when it was generated, the earlier data forms the basis of the training set, 

and the more recent data forms the testing set. This is a useful splitting approach as it is more 

indicative of the real-world applications of any model derived from your data.  

1.5.3.5 Data Preprocessing 

 

Once split, the data is almost ready to be applied to a machine learning algorithm. However, there is 

a final processing step, which may or may not be required – depending on the type of algorithm used. 

It is good practice, to carry out checks on the training data to remove descriptors that are highly 

correlated with one another – using two highly correlated variables in the same model can, in certain 

circumstances, lead to no new extra information being added to the model and makes it difficult to 

separate the effects of each variable on the model whilst simultaneously increasing model 

complexity.93   

Figure 1.32: Example of the sphere exclusion taken from [91]. In both cases, the central point in the sphere 
is the basis for train and test splitting. Each point within the sphere is considered and placed alternatively 
between the training and test sets. 
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Moreover, the training set also needs to be screened for any low variance descriptors, typically where 

a single value makes up 95% of the entire descriptors values. For example if there are 100 data points 

in the dataset, and for a particular descriptor 95 of these data points have the value 1 – then we would 

consider that descriptor uninformative and thus it would be removed.94 Finally, some algorithms are 

sensitive to the scale of the descriptors used to learn them and as such, it is useful to centre and scale 

each column so that each column has a mean of 0.95  

The choice of modelling algorithm will depend on the nature of the problem: classification or 

regression. Classification models are utilised when the endpoint being modelled is a binary value that 

can only take on discrete values. The most common class of classification is a two-class classification 

which typically predicts True/False or Class/Not Class for the data. If the endpoint is a continuous 

value, then a regression model is required. 

Whether the problem is classification or regression there are a range of potential algorithms to model 

the problem. Some of the algorithms are specific to classification or regression and others are 

applicable to both.  

1.6 Modelling Algorithms  
 

Modelling algorithms, whether they are classification or regression algorithms can broadly be 

classified as linear, non-linear and decision tree based models. Linear models are the simplest of the 

machine learning models where the algorithm attempts to model the relationship between the 

descriptors and the endpoint as a linear combination of the descriptors.96 In a regression setting, the 

linear combination of the descriptors are used directly to predict the endpoint value96 whereas in 

classification, the endpoint is generally predicted between 0 and 1 with a threshold, such as 0.5, used 

as the boundary to classify points.97 

Non-linear models are models where the descriptors and endpoint are not linearly related and utilise 

approaches such as projections to higher dimensions98 (see 1.6.8 SVM) or weights in neural networks99 

to map the descriptors to the endpoint. Non-linear models also encompass decision trees which 

partition data based on thresholds set on the descriptor values.100 After partitioning, the descriptors 

are mapped to the endpoint by averaging the values of other points within that partition.     

Below, a range of models encompassing linear, non-linear and tree-based models are introduced as 

they are used throughout this thesis to build our QSAR models.  
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1.6.1 Bayesian Generalised Linear Models 

 

Generalised linear models (GLM) are a form of linear regression (Equation 1.6) that applies a function 

to the output from the regression. In a simple linear regression, the regression equation takes the form 

of   

y =  Xβ +  ε                                                   (1.6)     

where ε is the error value, X is a matrix consisting of N descriptor features and β is a matrix consisting 

of the regression coefficients, a measure of how much influence each feature has on the predicted y 

value. In a generalised linear model, a function, called the link function can be applied to y such as 

taking the log values. However, the function applied can be an identity function where y is returned 

unaltered.   

The Bayes aspect of the GLM utilises Bayes theorem (introduced in detail in Chapter 4) to estimate the 

coefficient values by setting a prior probability on the values they are likely to take.  

Bayesian regression models have been successfully used in chemistry to model NO2 exposure in 

Europe101 and in the prediction of ground level ozone concentrations using a generalised linear model 

coupled with a Bayesian maximum likelihood approximation.102 During training the model achieves R2 

of 0.67 but does not report any external set prediction.  
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1.6.2 k-Nearest Neighbours 

 

kNN is an example of a modelling algorithm influenced by the scale of the descriptor values. In kNN 

the k-nearest neighbours are found for each data point in the descriptor space and are used as the k 

points to predict values for the point in question (Figure 1.33). In classification, the most common class 

within the k-nearest points are used as the predicted class and in regression, the average value of the 

nearest points is used as the points prediction.  

 

Although a relatively simple model, the kNN model has been successfully utilised to tackle both 

classification and regression problems.103 For classification, the kNN algorithm has been used to 

predict liver-related adverse drug effects104, classification of lung cancer subtypes105 and in the 

classification of defects in the manufacturing of semiconductors.106 In a regression setting, kNN 

algorithms have successfully been used to monitor water quality at a wastewater treatment plant107 

and in the prediction of the compressive strength of concrete mixed with fly ash and damaged ceramics 

to repurpose these waste materials for more sustainable concrete.108 

 

Figure 1.33: Example of a kNN model, the unknown point will take its prediction from the average class 
(red/blue) of the nearest k neighbours. Taken from [103] 
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1.6.3 Naïve Bayes  

 

Naïve Bayes is a probabilistic method based upon Bayes Theorem (discussed in detail in Chapter 4) 

which in a classification usage, uses the prevalence of each variable for a particular class P(Variable | 

Class), the prevalence of each class P(Class) and the prevalence of each variable P(Variable) to predict 

the probability of class membership given a particular set of variables. The Naïve assumption in Naïve 

Bayes is the assumption that no features are related and all features are completely independent from 

one another.109  

Naïve Bayes has been deployed as a classifier in the prediction of Ames mutagenicity110, respiratory 

toxicity111 and classification of molecules in terms of their cell cytotoxicity.112 In chemistry, NB 

classifiers have been used by Solov’ev et al. to classify organic molecules as weak or strong binders to 

a range of rare-earth metals, such as Yb3+ and Er3+. Their models show good training performance with 

balanced accuracy scores above 0.7 in training for each metal ion. On an external test set, the 

performance is equally as good, with the lowest performing model possessing a balanced accuracy of 

0.714.  

1.6.4 Partial Least Squares – Discriminant Analysis 

 

Partial Least Squares – Discriminant Analysis (PLS-DA) is the application of a partial least squares 

regression problem to a classification problem. To apply PLS-DA to a classification problem, the 

endpoint is converted from a string or factor into a numeric value (the dummy variable), usually 0 and 

1. The descriptors are dimensionally reduced to construct the PLS components such that the variance 

of the data described in the components is maximised and they correlate strongly with the endpoint 

variable. The model will then create a regression model between the dummy variable and the PLS 

components.113  

PLS-DA has been used in a range of settings, including in the identification as to the source of oil 

spills114, classify Raman spectra of serum samples as cancerous or non-cancerous with 99% sensitivity 

and specificity115 and as a classification tool in reduced dimensions to assess the quality of catalysts in 

a manufacturing plant during quality control.116 

 

 



46 | P a g e  
 

1.6.5 Random Forest 

 

The Random Forest is an example of an ensemble decision tree-based model. A random forest is made 

up of several individual decision trees, each of which is built upon a bagging (bootstrap aggregation) 

approach where each tree is generated upon a bootstrap of the dataset utilising a subset of predictors 

at each node to select the best possible split. A bootstrap is a random sample taken from the dataset 

without replacement.117 The trees are split until there are no more possible splits, the child nodes 

contain homogenous labels, or a predetermined depth has been reached. Each tree is validated 

internally utilising the rest of the dataset that was not included in the bootstrap used to grow the 

decision tree.  

For a classification problem, in a single tree a data point is assigned a class based upon the 

predominant class of the node it is present in. The overall prediction for all trees is the most common 

prediction assigned by all trees. For a regression problem, each node is assigned the mean value of the 

data points that terminate at that node and the average of all trees is used to assign the prediction to 

a new data point. Figure 1.34118 shows a generic overview of the process of generating the trees in a 

random forest model. 

 

Figure 1.34: A generic example of a Random forest taken from [118]  
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Random forest (RF) is a widely used modelling algorithm and has a range of examples of its successful 

application in materials chemistry. Carrete et al.119 train a Random Forest model on a dataset of 32 

semiconductors to predict the lattice thermal conductivity with a spearman’s rank correlation 

coefficient of 0.74 on the training set. Their model is tested on 4 external points which show good 

agreement between experiment and prediction.  

Nagasawa et al.120 successfully used a RF model to model the power conversion efficiency of 

conjugated polymers. The experimental and predicted agreement is given by a correlation coefficient 

of 0.62, indicating moderately good relationship. Kwak et al.121 use a Random Forest regressor to 

predict the tensile strength, elongation and other mechanical properties of γ-TiAl alloys with high R2 

(> 0.9) between prediction and experiment.  

1.6.6 C5.0  

 

C5.0 is another example of a tree-based method and is an improvement of C4.5. In C4.5, decision trees 

are built on the training set variables, splitting the variables such that the information gain or difference 

in entropy is maximised. The dataset is split using the maximum information gain until no further splits 

are possible. If the later splits do not contribute significantly to the accuracy of the model, the trees 

are pruned to remove these later splits.122  

C5.0 builds upon C4.5 but generates smaller and simpler trees.95 Although there is very little literature 

about C5.0, most understanding has come from investigating the source code of C5.0. One 

improvement of C5.0 over C4.5 is that C5.0 “combines non-occurring conditions for splits with several 

categories” and an improved global pruning procedure and both of these result in smaller and simpler 

trees.95   

1.6.7 Neural Networks  

 

Neural networks (Figure 1.35) are a class of methods that have derived their name from the functions 

of the brain. The simplest neural network is a single layer perceptron (SLP). In a SLP, the input data is 

fed forward into a single hidden layer which contains a number of nodes with an assigned weight, the 

value of the weight is initially set to 1 but is optimised upon the presence of data using a range of 

algorithms.123–125 The descriptor matrix is multiplied by the weight matrix and a bias term is added 

before being passed to the output node. The output node applies a function, the activation function, 

to the values and the type of function utilised depends on the nature of the problem. In a classification 
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problem, a logistic function (1.7) can be applied to scale the output between 0 and 1 and then a 

decision boundary is decided to classify the points.  

𝑙𝑜𝑔𝑖𝑠𝑡𝑖𝑐 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 =  
𝑒𝑥

𝑒𝑥+1
     (1.7) 

In a regression setting, the type of output function can be a linear function (1.8), a ReLu function (1.9) 

or a range of other functions.  

𝑙𝑖𝑛𝑒𝑎𝑟 𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑓(𝑥) = 𝑥     (1.8) 

𝑅𝑒𝐿𝑢𝑓𝑢𝑛𝑐𝑡𝑖𝑜𝑛 𝑓(𝑥) = max (0, 𝑋)    (1.9) 

Neural networks (Figure 1.35)126 are a popular machine learning algorithm, used extensively within the 

field of materials chemistry. Behler et al.127 utilised a NN to calculate potential energy surfaces (PES) 

of bulk silicon from calculated energies of silicon in varying configurations. The NN calculated PES maps 

closely with those calculated by DFT and other methods.  

Other work using neural networks include predicting the surface tension of organic molecules as a 

function of temperature – showing good agreement between experimental values and NN 

predictions.128 Montavon et al.129 build a range of NN models based on ab initio calculations of organic 

molecules to predict a range of electronic properties including HOMO and LUMO. 

 

 

 

Figure 1.35: An example of a neural network. The data (x) is inputted into a hidden layer and 
weights applied. The data is fed forward from the hidden layer to the output layer where the models 
prediction is returned. Taken from [126] 
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1.6.8 Support Vector Machine 

 

A support vector machine (SVM) shown in Figure 1.36 is an example of an algorithm that is sensitive 

to the scale of the data. The input data is projected into a multidimensional space by a radial basis 

kernel and the algorithm attempts to draw a hyperplane in the multidimensional space that, in a 

classification problem, distinguishes between each class.130 There will inevitably exist a trade-off 

between the complexity of the hyperplane and the number of incorrectly classified points.  

 

The hyperparameters that control this complexity are C, the cost, and gamma. C applies a cost to each 

misclassified point for a particular hyperplane and can be set to a value that allows (or restricts) the 

line complexity by applying a low (or high) cost to misclassification. Gamma controls the radius at 

which the model selects points as support vectors for constructing the hyperplane, low values of 

gamma mean that points far away can influence the hyperplane.131  

In a regression setting, the data is still projected into a higher dimensional space where a regression 

function between the descriptors X and dependent variable Y is derived such that it minimises the 

prediction errors. The parameter epsilon, ε, controls the distance from the regression line that the 

points contribute linearly to the prediction error. Outside of this zone, the errors are penalised by the 

cost.132   

Figure 1.36: An example of an SVM hyperplane classifying data. The points within the 
margin width are the support vectors responsible for constructing the hyperplane Taken 
from [98] 
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SVM has been used in both a classification and regression setting in materials chemistry. In crystal 

structure prediction, SVM models have been built to classify the type of structure obtained by AB 

inorganic solids. On an external validation set, the model performed well with sensitivity, specificity 

and accuracy of 94.2%, 92.7% and 99.6% respectively.133  

As for regression, SVM has been utilised to predict the mechanical properties of molybdenum 

diselenide (MoSe2). Wang et al134 train an SVM regressor on the output of simulations for 700 instances 

of MoSe2 and build models to predict the strain, tensile strength and modulus of the material with 

mean squared errors of 1.9x10-5, 2.3x10-2 and 2 which they assess as good as it is 1 to 4 orders of 

magnitude below the target values.  

1.8 Performance metrics  

1.8.1 Classification Performance Metrics  

 

The ability of a model to correctly classify points can be assessed in numerous ways, most of which 

can be derived from a confusion matrix (Table 1.1) which collates all the predictions based on if they 

were predicted correctly and if not, which type of misclassification was seen (positive predicted as 

negative etc.).  

Table 1.1: An example confusion matrix 

  Observation 

  Positive  Negative  

P
re

d
ic

ti
o

n
 Positive  True Positive (TP) False Positive (FP) 

Negative  False Negative (FN) True Negative (TN)  

  

Common measures derived from the table include the True Positive Rate (TPR) or the sensitivity 

(equation 1.10) and the True Negative Rate (TNR), the specificity (equation 1.11).  

𝑇𝑃𝑅 =  
𝑇𝑃

𝑇𝑃+𝐹𝑁
      (1.10) 

𝑇𝑁𝑅 =  
𝑇𝑁

𝑇𝑁+𝐹𝑃 
     (1.11) 
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These two measures combine to form the balanced accuracy (1.12), an important measure of the 

accuracy of the model prediction – accounting for any class imbalances that may be present in the 

data.   

𝐵𝑎𝑙𝑎𝑛𝑐𝑒𝑑 𝐴𝑐𝑐𝑢𝑟𝑎𝑐𝑦 =
𝑇𝑃𝑅+𝑇𝑁𝑅

2
   (1.12) 

 

1.8.1.1 ROC and H measure  

 

Another common performance metric for a classification model is the receiver operating characteristic 

plot (Figure 1.37) which is a plot of the sensitivity against 1-specificity. The curve135 plots these values 

for different thresholds of the classifier, taking into account all potential cut-off values used to 

determine the decision boundary. When interpreting the curve, the area under the curve (AUC) is 

calculated and used as a measure of classifier performance. An AUC of 1 indicates perfect classification 

and an AUC of 0.5 indicates a classifier that is no better than chance.  

Figure 1.37: An example of a ROC curve showing the trade-off between sensitivity and specificity as a 
function of classification threshold. Taken from [135] 
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However, although the ROC AUC considers different decision boundary thresholds, it fails to consider 

the cost of a misclassification which may be important, depending on the application. Misclassifying a 

patient as cancer-free when they do in fact have cancer does not carry the same cost as the reverse. 

To overcome this, Hand136 presented the H-Measure score which is similar to the ROC AUC except that 

it also takes into account different costs of misclassification. Here, a loss score is calculated for all 

thresholds for a distribution of cost values and the H score is given by the minimum of the loss value, 

normalised by the maximum possible loss for that classifier (1.13) 

   𝐻 = 1 − 
𝐿

𝐿𝑚𝑎𝑥
                           (1.13) 

1.8.1.2 Cohens Kappa 

 

Cohens Kappa (1.14) is a similar metric to the balanced accuracy but which also considers the 

agreement that would be expected due to chance.137 It takes values between 0 and 1 and values above 

0.6 are considered a good agreement.138 

      𝜅 =  
𝑝0− 𝑝𝑒

1− 𝑝𝑒
              (1.14) 

Where p0 is the TP + TN rate and pe is the expected chance agreement.  

1.8.2 Regression performance metrics  

 

When considering the performance of a regression model, we can utilise the difference between the 

known value and the predicted value (the residual) to quantify the performance of the model overall. 

Two common approaches for this are the Root Mean Squared Error (RMSE) (1.15) and the squared 

correlation coefficient (R2).  (1.16) 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ (𝑦𝑖 − �̂�𝑖)2𝑛

𝑗=1              (1.15) 

 

𝑅2 =  
∑(𝑦−�̂�)2

∑(𝑦−�̅�)2              (1.16) 

The RMSE is a measure of the residuals of the model and the metric depends on the scale of the 

endpoint values, but a calculated metric closer to 0 indicates better prediction. The R2 is a measure of 
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the percentage variance in the outcome that is explained by the model and is calculated using the 

output from the model prediction, �̂�, and the mean of the outcome, �̅�. It typically takes values 

between 0 and 1 with values close to 1 indicating good predictive performance.  

1.9 Applicability domain 
 

The Organisation for Economic Co-operation and Development (OECD)139, an organisation that aims to 

establish international standards, met in 2004 to establish a range of guidelines for the validation of 

QSAR models.140   

Section 3 of the OECD principles for validation of a QSAR models states that all models should have a 

“defined domain of applicability”.141 The applicability domain of a model (Figure 1.38) is the chemical 

space in which the model makes predictions with a particular reliability.142 It is important to define the 

applicability domain of any model so that any validation of models takes place within the same 

chemical space in which the model was built. 143  

 

 

There are numerous ways of defining the applicability domain with no real consensus on the best 

approach. One common approach is a box approach of the chemical descriptors. In the box approach, 

each descriptor is checked for its minimum and maximum value in the training set. These minimum 

and maximum values are used as thresholds for the values of unseen data, not in the training set. If a 

descriptor value for an unseen data value falls outside of the thresholds from the training data, the 

point is considered out of domain.144 This is summarised in Figure 1.39.145 One drawback of this 

Figure 1.38: A simple illustration of applying an applicability domain to a model. The rightmost plot shows that 
the applicability domain for this model is between the values of a and b and any point outside of this range is 
considered out of domain for the model. Taken from [143] 
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min/max approach is that it fails to identify any gaps in the chemical space where predictions are likely 

to be poor.  

Other approaches to define the applicability domain of a model include dimensional reduction of the 

data using Principal Component Analysis before applying a bounding box of the principal components 

or a Convex Hull approach which defines the smallest convex area containing the entire training set.146 

Neither of these approaches address the issue of regions with low density of training set molecules.  

One approach that attempts to consider the density of training set points around a training set point 

is a similarity-based measure (Figure 1.39), built upon a kNN approach. In this approach, the average 

distance between data points in the descriptor space of the training set is calculated and then the 

distance between a new data point and its nearest training set point is calculated. If this value exceeds 

the average distance between training set molecules, the point is considered too dissimilar to the 

training set and is considered out of domain.144  

 

 

 

 

Figure 1.39: Example of the range check of a test set point between two predictors. The green area defines 
the descriptor space for predictors 1 and 2 with red test set points outside this space considered out of 
domain. Figure adapted from [145] 
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Combinations of a similarity measure and bounding box approach can help ensure that the molecules 

in an external set are both within the range of descriptors used to train the model and within a region 

of chemical space with sufficient training set density such that we can be reasonably confident in the 

ability of the external point to validate the model.  

1.10 Y-randomisation 

  
One final step in model validation is a form of hypothesis testing called Y-randomisation. The idea 

behind a hypothesis test is the desire to reject a null hypothesis by getting enough evidence to suggest 

that the hypothesis is false. In a QSAR approach, the null hypothesis is that the model was found by a 

chance correlation, and we wish to prove our alternative hypothesis, that the relationship found within 

the model is real, is true.  

To do this, we can perform a shuffling of the endpoint values such that the features no longer 

necessarily are a true reflection of the endpoint being described. We can then train a number of 

models using the same approach as carried out in the true model and plot a distribution of their 

performance metrics and compare it to the performance metric calculated for the true model.  

We can quantify our belief about whether our true model performance metric was drawn from the 

random model distribution of if it exists in a distinct and different distribution by the Z score (1.17).  

𝑍 =   
𝑥− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑥)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑥 ̃)
                           (1.17) 

Where �̃� is a performance metric value for a randomised model and x is the same performance metric 

of the true model. The Z score is a measure of the number of standard deviations the true model’s 

metric is from the mean of the randomised distribution. Shen et al.147 provides a table of significance 

values corresponding to the percentage chance of a chance correlation given a particular Z score. 

1.11 Model Interpretability  
 

As well as requiring a domain of applicability, the OECD guidelines also suggest a mechanistic 

interpretation, if possible.141 The idea of model interpretability is important, particular in social 

acceptance of machine learning models as they become more commonplace in society. It is important 

to know why a model is making a particular prediction, for example in a self-driving car, if the car is 
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consistently running over a cyclist – being able to interpret and assess the model to ascertain the 

important features it uses to define a cyclist could be useful to fine tune the model.148 

Machine learning algorithms can be interpreted using two broad approaches. Firstly, if the model is 

inherently interpretable then there are inbuilt methods to interpret the importance of features. The 

idea of a mechanistic interpretation is straightforward in simple linear models such as regression where 

the regression coefficients can act as the variable importance measure.  

Other modelling algorithms that contain inherent interpretability are decision tree models such as the 

Random Forest which utilises the Gini importance, which for a feature calculates the average gain in 

purity for child nodes when split on this variable.149 Another method with inherent interpretability is 

Naïve Bayes where the probability assigned to each feature and its contribution to the class prediction 

are measures of the importance.148  

However, as machine learning algorithms become non-linear and more complex such as in a neural 

network, these require model agnostic approaches to interpret. Model agnostic approaches can be 

classified as either global or local methods. If the approach is global, it describes the average behaviour 

of the model whereas the local approach describes each model prediction.148  

One interesting model agnostic approach is the Shapley Additive Values (SHAP) (Figure 1.40) based 

upon the idea of game theory. SHAP is interesting as it can both describe the global effects of the 

model by aggregating SHAP values, calculated from local interpretation of individual predictions.  

 

Figure 1.40: Toy example form Molnar showing the variation in prediction of house prices by allowing pets or not. Pets being 
allowed would be assigned a "payout" of 10,000 to the prediction. Figure adapted from [148] 
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SHAP values consider the descriptors as coalitions working together to a common goal. In this case, 

the SHAP values are considered in small coalitions that are tasked with predicting the endpoint. The 

difference between the total feature prediction and the coalition’s prediction is noted and the 

difference is distributed between the members of the coalition as a “payout”. This is repeated for many 

feature coalitions and each feature has its contribution averaged among all coalitions.150 

The SHAP approach has been used within QSAR over the past few years to interpret machine learning 

models. Rodriguez-Perez et al.151 utilised the SHAP approach to highlight important fragments in the 

prediction of molecular activity against 10 targets using a RF, SVM and NN model. Zhong et al.152 also 

use SHAP to interpret their XGBoost, deep neural network ensemble model which they built to predict 

HO• radical rate constants and Ye et al.153 used SHAP to interpret their LightGBM model used in 

predicting the binding-free energy of pharmaceutical formulations.  

1.12 Thesis overview  
 

In this thesis, chapter 2 will build upon the classification models presented from within the group by 

Gupta et al. and address the concerns of model interpretability given by the choice of molecular 

descriptors used within the work. Moreover, using new descriptors will allow us to explore the model 

interpretability and try to rationalise why the model is making the predictions it does and attempt to 

elucidate any chemical reasoning underpinning the model’s predictions.  

Chapter 3 will begin to look at models for the prediction of the storage and loss moduli of gels created 

under the same reaction conditions of those used in the models of chapter 2. Since it is known to play 

an influential role in the potential applications of any gels, an a priori prediction of the likely stiffness 

and viscosity of a potential gel is an invaluable tool to prevent wastage in time and resources 

synthesising gels with unfavourable rheology.  

Since we have described the difficulty in finding new gels, the work in chapter 3 has been built, by 

necessity, utilising a relatively “small data” approach which brings with it issues surrounding model 

uncertainty which will be discussed as part of chapter 4. In chapter 4 – we present models based on 

the same data in chapter 3 but the models in chapter 4 will utilise Bayesian inference to quantify the 

uncertainty in our predictions.  

Finally, chapter 5 will leverage both our classification and regression models from chapters 2 and 4 

utilising both an evolutionary algorithm and a generative neural network with reinforcement learning 

to generate new predicted hydrogelators with requested rheology parameters with these predictions 

compared to the measured rheology properties.   
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2.1 Introduction  

2.1.1 Importance of predictive models for gels 

  

As alluded to in Chapter 1, low molecular weight gels are a versatile class of material, with a wide range 

of potential interesting interactions in medicine1–3, cell culturing4,5, 3D printing6,7, sensing8 and 

pollution clean-up.9,10 However, the art of producing a low molecular weight gel has been referred to 

as a serendipitous process.11 Work has been reported within the group12 and elsewhere13,14 presenting 

predictive models for the gelation ability of small molecules. However, these works lack an 

interpretation element that may help rationalise gel formation and help assist in the generation of new 

gels.  

In this chapter, we will expand upon the classification models presented in Gupta et al.12 Initially, we 

will aim to replicate the performance of the reported models using the same modelling algorithms 

reported within (2.3.1 Fingerprints as bits). Then, we will build upon these models by calculating 

different descriptor sets that allow for the mapping of a chemical fingerprint back on the molecule. 

We will investigate the difference in performance calculating the descriptors as binary absence or 

presence (2.3.2 Fingerprints as features)).  

We will then carry out a similar model building procedure in Python and assess the similarity of 

performance with the best of our R models. We chose to build models in Python due to the wide-

ranging use and open-source nature of Python. This allows us to be much more flexible in the 

deployment of our models and allows us to combine it with the work in Chapter 5 for generation of 

new molecules. Moreover, the descriptors calculated in Python allow for direct comparison with those 

from Gupta whilst maintaining model interpretability (2.3.4 Python Classifier).  

2.2 Experimental 
 

Our dataset for model building was curated from the Dave Adams group at the University of Glasgow. 

It is the same dataset as presented in the models from within the group presented in Gupta et al.12 

(see Appendix 2.6.1 for structures and gel state of the dataset).  Although this leaves us with a relatively 

small dataset of 62 molecules, since the process of gelation is so important in determining whether a 

molecule will form a gel or not, the dataset was curated to ensure that the same gelation process was 

carried out for each dataset. This is vital in ensuring the quality of the data used for model building. 

Gels were prepared using 5mg/mL of the precursor and the gelation triggered using the glucono-δ-
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lactone trigger.15 A molecule was considered a gel if it retained its self-supporting structure 18 hours 

after inversion. The dataset contains functionalised amino acids and peptide mimetics.  

2.2.1 Splitting of data 

  

The dataset was split using a time split procedure and the molecules were placed into training, test 

and validation sets based on when they were synthesised. This resulted in a training set of 34 

molecules (17 gelators and 17 non-gelators), 21 test set molecule (4 gelators and 17 non-gelators) and 

a validation set of 7 molecules (2 gelators and 5 non-gelators). Balanced training sets are preferable 

for a machine learning algorithm to learn to decipher the characteristics of molecules that gel and 

those that don’t.16 The nature of the test and validation sets being heavily non-gelator is a fair 

reflection of the chemical space where more systems are non-gels than gels.  

2.2.2 Software 

 

Our modelling workflow utilises a range of software packages including Pipeline Pilot, the statistical 

programming software R and the open-source programming language Python. Pipeline Pilot is a 

workflow software that contains modules for chemistry molecular descriptor calculation, data 

manipulation, machine learning and data visualisation.17 R is a free software package for statistical 

modelling and visualisation, it contains packages for machine learning such as the Classification And 

Regression Training (caret) package18.  

Python is an open-source programming language popular in the fields of data science and machine 

learning19. It contains a myriad of packages that make it a good choice to carry out machine learning 

projects. Packages used include the open source cheminformatics package RDKit20 for descriptor 

calculation, Pandas21,22 for dataset manipulation, NumPy23 for mathematical operations, scikit-learn24 

for data processing, machine learning and model evaluation and Matplotlib25 and Seaborn26 for data 

visualisation.     

 

 

 



69 | P a g e  
 

2.2.3 Descriptors  

2.2.3.1 R Model Descriptors  

 

Since we are building models using both caret in R and scikit-learn in Python, two different descriptor 

calculation procedures were undertaken. For the R models, we utilise Pipeline Pilot (version 

16.5.0.143)17 to calculate the molecular descriptors for our models. Molecular properties:  

• AlogP:  The octanol-water partition coefficient, a measure of the hydrophobicity of a molecule  

• Molecular Weight: Mass of the molecule, summation of the atomic mass of all atoms present.  

• Number of Atoms: Count of the total number of atoms in the molecule  

• Number of Rotatable Bonds: Number of bonds that allow full rotation around themselves, 

defined as single bonds bonded to a non-terminal heavy atom. 

• Number of Rings: Total number of complete ring systems present in the molecule.  

• Number of Hydrogen-Bond Acceptors: Count of the number of possible hydrogen bond 

acceptors (O, N, S, P with a lone pair).   

• Number of Hydrogen-Bond Donors: Count of the number of possible hydrogen bond donors 

(O, N, S, P with an attached hydrogen atom).   

• Number of Aromatic Rings: Similar to number of rings but with planar rings with π-bonding 

resonance forms.  

• Molecular Surface Area: Considering the atoms and their van der Waals radius as spheres, the 

sum of the surface area of each sphere in a molecule27  

• Molecular Polar Surface Area: Total surface area of the polar atoms within a molecule. 

Calculated through the sum of the surface contributions of the polar elements of the molecule. 

The surface contributions of a polar element are determined through a least-squares fitting to 

a single conformer 3D PSA for a set of drug-like molecules. 27 

• Molecular Polar Solvent Accessible Surface Area: Surface area of the polar molecules within a 

molecule accessible by solvent molecules, an implementation of the Shrake method.28 

• Molecular Solubility: Ability of the molecule to form a solution with water calculated using E-

State indices.29  

• LogD: Octanol-water coefficient of the molecule with consideration for the ionisation states 

of the molecule.  

were calculated along with both the Extended Connectivity Fingerprint (ECFP) with radius 4 and the 

Functional Class Fingerprint (FCFP) also with radius 4.30  
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The R models differ based upon how the ECFP and FCFP fingerprints are represented. They are 

summarised as follows: 

• FP_as_bits (2.3.1): Both fingerprints were converted to a 2048 bit string which is large enough 

to minimise potential bit collisions for our dataset and has been shown to perform well in 

machine learning tasks.31,32 The fingerprint bit strings were presented as a binary 1 and 0 to 

represent present or absent in the molecule 

• FP_as_features (2.3.2): No conversion of the generated fingerprints and the total number of 

fingerprints calculated was the total number of possible unique fingerprints in the dataset. 

The fingerprints were presented as a binary 1 and 0.  

 

2.2.3.2 Python Descriptors  

 

In our Python (version 3.8.5) models, where we use RDKit (version 2020.09.1) as the descriptor 

generating tool, only LogD, Num_Rings and AlogP were calculated – as these were most frequently 

present after pre-processing (see 2.2.4 Data Pre-processing) of the R model descriptors (see 2.2.3.1 R 

Model Descriptors). Molecular Solubility was calculated using an implementation of Delaney’s ESOL in 

RDKit.33 This was to attempt to keep the descriptors as similar as possible between R and Python. 

Molecular_PolarSASA was also present after pre-processing of the R models but is only available in the 

Linux distribution of RDKit and therefore it was omitted from the descriptor set.  

Both the ECFP and FCFP were calculated using a radius 2 (which is analogous to the radius of 4 in 

Pipeline Pilot) and were converted to a 2048-bit string. RDKit contains functionality to access the bit 

from the converted bit string and so conversion was carried out. There were no issues visualising 

fragments using RDKit. We call this dataset Python_Classifier (2.3.3).  

2.2.4 Data Pre-processing 

 

For R models, pre-processing, model training and evaluation were carried out using the caret package34 

(version 6.0-86) in R (version 3.6.2). Firstly, on our training set we use the caret::nearZeroVar() function 

on the descriptors to remove all descriptors with near zero variance, where 95% of the columns values 

were set by a single value. Next, the pairwise correlation of the remaining descriptors was found using 

caret:: findCorrelation() to find features where their correlation exceeds 0.9 and those within the pair 

with a larger average correlation to the rest of the feature set were removed.  
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Also, individual pre-processing was carried out for the fp_as_features dataset. We manually removed 

Num_RotatableBonds from this dataset so that the molecular properties match exactly with those 

remaining in the fp_as_bits dataset so that the dataset only differed in the fingerprints we are 

comparing.  

For the Python classifier, the same approach was taken using the VarianceThreshold function in scikit-

learn (version 0.23.2), again removing those with less than 5% variance. To find the correlation, the 

corr() function in Python was used and any descriptor with a correlation with another above 0.9 was 

removed.  

In both cases, the features of the test and validation set were curated to match those features that 

remained after processing of the training set features.  

 

2.2.5 Descriptor Visualisation 

 

We visualised all datasets descriptors using PCA in both R and Python. We also carry out a comparative 

visualisation using a Tree Manifold Approximation (TMAP) approach using the TMAP package (version 

1.0.6) in Python (version 3.7.11) in an Ubuntu (version 20.04.2) Windows Subsystem for Linux 

environment.  

2.2.6 Model selection 

 

For our R models, we train Random Forest, Neural Network, Support Vector Machine, Naïve Bayes, k-

Nearest Neighbours, C5.0 and Partial Least Squares models to allow direct comparison of models with 

the models published in Gupta et al.12 For our Python model, we use the performance of our R models 

to determine which method to use and owing to the best performance across the descriptor sets of 

the Random Forest model, it was chosen as the method to deploy in the Python_Classifier (see 2.3.3 

Python_Classifier) work .  

2.2.7 Model building  

 

R models were trained using the caret::train() functionality using custom parameter search grids and 

10-fold cross validation, repeated 10 times. Part of the train() call carries out a centre and scaling of 

the data for all models. In total, we learnt 10 models for each method, leading to 70 models in total 
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(from 10 models for 7 methods). We then predicted the gelation state of the test and validation sets 

using our trained models. 

In Python, our RF model was trained using the GridSearchCV function for hyperparameter tuning in 

scikit-learn (version 0.23.2). Our search grid was as follows: 

• Number of trees  = [200, 400, 600, 800, 1000, 1200, 1400, 1600, 1800, 2000] 

• Max depth = 10 to 50 in intervals of 5 and No max  

• Minimum samples required to split a node = 2,5 and 10  

• Minimum samples required in a leaf node = 1,2 and 4 

2.2.8 Model validation  

 

To evaluate the performance of our models, we assessed the performance of our models to correctly 

predict the class labels using three approaches using the balanced accuracy, the Cohen’s kappa and 

the H-Measure. We employed the same measure of good prediction from the Gupta paper12 and state 

that models are good if the Balanced Accuracy > 0.7, Hmeasure > 0.6 and Kappa > 0.4.  

As a further validation step, the Z-score is calculated (see Chapter 1: 1.10 Y-randomisation equation 

1.17) for the H-Measure statistic on the in-domain test set. Once the Z-score is calculated an α value 

can be calculated which gives a percentage confidence that the metric is not drawn from the random 

distribution. To calculate α, the cumulative distribution of a normal distribution with mean 0 and 

variance 1 is used to calculate the probability that the Z-score is not drawn from the random 

distribution.  

2.2.9 Applicability domain 

 

We define the domain of applicability for our models using the same approach as the work in Gupta 

et al. The applicability domain was defined by a range check of the molecular descriptors of external 

molecules against the minimum and maximum values of the training set descriptors. Moreover, the 

same approach is applied to the loadings of the first 10 principal components of the PCA space of the 

molecular descriptors. If any of the molecular descriptors or PCA loadings fall outside of the minimum 

or maximum range, the point was considered out of domain.  



73 | P a g e  
 

2.2.10 Model interpretation  

2.2.10.1 R Model Interpretation 

 

We investigated the interpretability of our models using two approaches. Firstly, we used the 

caret::VarImp() function, which uses an inherent variable importance metric if it exists, or defaults to 

caret::filterVarImp() if it does not. The caret::filterVarImp() function carries out a ROC curve analysis 

and the AUC is calculated. The variable importance for a variable using this approach is a measure of 

how well the data can be separated into classes, based on that variable. SHAP values35 were also 

calculated for the R models, using the R wrapper (version 0.1.3) of the Shap package in Python.  

2.2.10.2 Python Model Interpretation 

 

For the Python model, we use the intrinsic variable importance measure within the Random Forest 

and compare the results with the Python Shap package (version 0.39.0). It is worth noting, that the 

caret variable importance measures the impact of the training descriptors whereas in SHAP we utilise 

both the joint test and validation set descriptors.  
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2.3 Results and Discussion  

2.3.1 Fingerprints as bits  

2.3.1.1 Descriptors and Visualisation  

 

After descriptor calculation, there were 4109 columns (2048 ECFP, 2048 FCFP and 13 physicochemical 

descriptors). After preprocessing, there were 54 descriptors remaining comprising of AlogP, 

Num_Rings, Molecular_PolarSASA and Molecular_Solubility as the physicochemical descriptors. Of the 

remaining 50 descriptors, 25 were ECFP bits and 25 were FCFP bits (see 2.6.2 fp_as_bits fingerprint 

bits for a list of the bits).  

Visualisation of the dataset in reduced dimensions can be seen in Figure 2.1. Figure 2.1a shows the 

points of the training, test and validation set represented by their first two principal components. It is 

worth noting that the first two principal components only account for 37% of the data (PCA-1 = 21%, 

PCA2 = 16%) and so variances between points are not completely captured in the figure. 87% of the 

variance in the dataset is explained by the first 10 principal components. However, with that caveat, 

within the PCA space, there is the highest density of training set points below 0 for the PC2 axis and 

few training set points in the PC2 0-5 range where most of the test set points are located.  

Furthermore, the TMAP representation of the dataset in Figure 2.1b, presents the dataset as a single 

branch (as defined by the minimum spanning tree generated) with a series of sub-branches. Given that 

our dataset is small and all molecules within are peptide based, this is not very surprising. Also, the 

distance between points on the plot is a measure of how dissimilar they are – molecules further apart 

are more dissimilar.  

However, the most interesting aspect of the plot in Figure 2.1b is the sub-branch that appears to only 

contain test set molecules. Given that there are no training set molecules within this “cluster” it would 

be interesting to investigate whether these points are incorrectly classified or if their probability of 

forming a gel is less certain than those with training points in the same cluster (see 2.3.2.5 Relating 

performance to descriptor visualisation).  
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PCA and TMAP plots of the fp_as_bits dataset 

 

 

Figure 2.1 Visualisation of the first two principal components of the fp_as_bits dataset and b) Visualisation of the 
dataset using TMAP 
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2.3.1.2 Training Performance 

 

All models trained with hyperparameter tuning via cross validation, regardless of method, showed 

good predictive performance on the training data. Table 2.1 highlights the performance of the models 

on the training set, and the average performance of the 10 models summarised in the quality of 

predictions column. In Table 2.1, the “Quality of Predictions” is a qualitative label assigned to the 

average predictions based on the thresholds in Gupta et al.12 which were that the models satisfy all of: 

H-Measure > 0.6, Balanced Accuracy > 0.7 and Kappa > 0.4  

 

All models meet the minimum requirements for good for both the balanced accuracy and the H-

Measure with all models showing strong training performance. All models average a Kappa above 0.73, 

a Balanced Accuracy above 0.86 and a H-Measure above 0.76. For the tree-based RF and C5.0 

algorithms, both have perfect classification during training with scores for Kappa, Balanced Accuracy 

and H-Measure of 1.00 (± 0.00) for all three metrics. This highlights that there is potential for over-

fitting for these models which will be assessed during testing. The Naïve Bayes and Partial Least 

Squares methods perform comparatively poorly in training with the NB scoring 0.76 (± 0.00) for Kappa, 

0.88 (± 0.01) for Balanced Accuracy and 0.76 (± 0.00) for H-Measure and the PLS method scoring 0.73 

(± 0.22), 0.86 (± 0.11) and 0.85 (± 0.10) for the same metrics.  

2.3.1.3 Test set performance  

 

In 2.2.9 Applicability Domain we defined the applicability domain of our models as points in the test 

and validation set that were within the range check of the descriptor and PCA values. Of the 21 points 

in the test set 16 of these points were within the range check of the descriptor and PCA space (4 gels, 

12 non-gels).  

Table 2.2 shows the results on the 16 test set molecules that pass the range check AD filter. Overall, 

the performance on the test set is naturally below that of the training set. Of the good models during 

training, kNN, NB, PLS and C5.0 fail to perform well across the performance metrics on the test set. 

Table 2.1: Summary of the average (± standard deviation) performance for each modelling method on the training set. 
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This confirms the degree of overfitting of the C5.0 model discussed above. For the kNN and NB models, 

we see a reduction in performance when exposed to the test set. For both, the biggest reduction is in 

the Kappa, which drops from 0.83 (± 0.02) to 0.29 (± 0.09) for the kNN and 0.76 (± 0.00) to 0.33 (±0.00) 

for the NB. The PLS model only fails the check for good for Kappa, dropping below 0.40 with a score of 

0.37 (± 0.28) meaning some of the PLS models will pass the threshold for good.  

Like during training, RF and NN models perform well – with the highest BA (0.79 and 0.79) and high H-

Measure scores (0.70 and 0.74) of the models tested. We see slightly worse performance in our SVM 

and PLS models, but they still perform well with high balanced accuracy (0.79 and 0.72) and high H-

measure (0.73 and 0.60).    

 

 

2.3.1.4 Comparison with results of Gupta et al. 

 

In the work by Gupta12, the applicability domain is defined using the descriptor and PCA range check 

that we use as our initial filter. Therefore, our results from Table 2.2 are directly comparable to those 

reported. In their work, 12 of the 21 molecules pass the applicability domain threshold compared with 

16 in our work. The discrepancy is likely due to differing approaches in calculating the PCA components 

(this work utilised Python for range checking and PCA calculation whereas Gupta et al. used Pipeline 

Pilot) and in defining the range checking procedure (we use Python CIM tools package (version 4.0.8) 

and Gupta et al used Pipeline Pilot). Python was chosen to carry out this approach as the process was 

much more user friendly.  

Table 2.3 shows the results reported in the work by Gupta. The results are similar in terms of which 

models perform well with RF, SVM and NN passing the threshold in both cases. For the performance 

of the RF, SVM and NN performance is slightly better overall in Gupta particularly for H-Measure with 

values of 1.00, 0.70 and 1.00 in Gupta compared to 0.70, 0.73 and 0.74 in this work but the models 

presented here are still strong.  

Table 2.2: Average performance of our 10 models for each method on the test set within the range check of the training set. 
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Table 2.3: Reports on the reduced test set from Gupta et al. 

 

2.3.1.5 Validation set performance 

 

In the validation set, of the 7 points in this set, 4 (1 gel, 3 non-gels) are within the range check of the 

training set. Since it is not feasible to calculate performance metrics or assess the performance of a 

model using a set of 4 points, we consider all 7 points in the validation set with the caveat that some 

would be considered out of domain. Even with this, all RF and SVM models predict the full validation 

set flawlessly.  

2.3.1.6 Pareto-Optimal Model 

 

Given the arbitrary nature of the cut-offs used to determine whether a model can be considered 

good, we now explore the pareto optimal models which aims to find the set of models where no 

further improvement in one metric can be found without detriment for another metric. These 

pareto-optimal models will aim to maximise Kappa, Balanced Accuracy and H-Measure for the range-

domain test set molecules.    

When calculating the pareto front for the models on the test set. There are five models in the pareto 

front and 4 of these are Neural Network models, confirming the good performance seen above. 

However, interestingly the 5th model in the pareto front is a PLS model. Since the PLS model failed 

the threshold for good on kappa (with a large variance in kappa), the results here show that a model 

that would have been overlooked based on the average performance (model 6) would require 

further inspection as it is potentially a useful model.  

 Looking at models within the 2nd and 3rd pareto fronts, Random Forest models make up 3 out of the 

4 models within the first 2nd and 3rd pareto fronts. The remaining model is in the 3rd pareto front and 

is a Support Vector Machine model. The results of the pareto optimisation suggest that the Neural 

Network models show the best performance in the fingerprints_as_bits set of models.  
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2.3.1.7 Chemical Reasoning behind misclassification 

 

Given the large number of models trained during this section, understanding the trends in misclassified 

molecules could allow for some interesting conclusions to be drawn about the performance of the 

models. Of the 16 molecules in the in-domain test set, the molecules misclassified the most overall 

are shown in Figure 2.2.  

 

Figure 2.2: Molecules 1, 2 and 3 that are most misclassified by our fp_as_bits classifiers. 

These molecules are misclassified 49, 41 and 40 times respectively. Given that there are 70 total 

predictions made for each molecule, these molecules are misclassified 70%, 59% and 57% of the time 

respectively. Suggesting that molecule 1 in particular is universally difficult to predict, regardless of the 

modelling algorithm. Moreover, when predicting molecules 2 and 3, the models do worse than 

guessing the gelation state of the molecule.  

All three molecules are non-gels suggesting that the models are trained on data that suggests 

molecules like these form gels. However, when calculating the average Tanimoto similarity between 

the three molecules to the gels and non-gels in the training set, the similarities to both are similar. For 

molecule 1, the average similarity to gels in the training set is 0.44 compared to 0.42 to the non-gels 

in the training set. The difference is slightly more pronounced for molecule 2 with similarities of 0.58 

to the gels and 0.45 to the non-gels but molecule 3 follows a similar pattern to molecule 1 with 

similarities of 0.41 and 0.38. These similarities suggest there are other reasons as to why the models 

predict these points poorly.    

Conversely, there are 7 test set molecules that are perfectly classified by all 70 models, these are shown 

in Figure 2.3. These molecules are mostly  functionalised amino acids with a single functionalised 

dipeptide. It is surprising that the models perform well on the functionalised amino acids given that 

only 6 of the 34 molecules in the training set are functionalised amino acids.  



80 | P a g e  
 

 

Figure 2.3 Test set molecules that are perfectly predicted by all 70 classification models.  

2.3.1.8 Y-Randomisation  

 

We have successfully replicated the results of those reported in Gupta et al. and we could use the new 

models as the basis of our comparison of new descriptor sets moving forward. However, one last check 

of the models’ performance would be the results of models trained on randomised training data on 

the test set. Table 2.4 shows the average test set prediction of our RF, SVM and NN models on the in-

domain test set. The dramatic fall in performance on the test set for the y-randomised models gives 

us good confidence that the predictions made on the test sets on the 10 normal models are utilising 

true relationships between the descriptors and gel state to make accurate predictions on unseen 

molecules.  

 

 

 

Table 2.4: Performance of our randomised models on the in-domain test set.  
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As a further measure in our confidence as to the reliability of our models, we can calculate the Z score 

(see section Chapter 1: 1.10 Y-randomisation) for the H-Measure values calculated for all three models 

with respect to the average score obtained by these models on our true dataset. We take the average 

H-Measure as the score to compare and define the distribution in terms of the mean and standard 

deviation of the y-randomised H-Measure.  

The RF Z-Score was calculated to be 1.62 meaning that the true average H-Measure is 1.62 standard 

deviations away from the y-randomised distribution. This results in a 5.24% chance that the true 

models are drawn from the same distribution as the randomised models.  

For the SVM the Z-score is 3.82 giving 0.006% chance that the true model is drawn from the 

randomised SVM model distribution. For the NN this value is 2.77, resulting in 0.28% chance the model 

is random. The PLS model has a Z-score of 1.83 which corresponds to a randomised model chance of 

3.38%. We have successfully recreated the results of Gupta et al. and can use these models as our 

baseline models as we explore new models with interpretability.  
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2.3.2 Fingerprints as features  

 

Now that we have successfully replicated the work in Gupta et al. we use this as a baseline to compare 

the performance of models moving forward. One of the limitations of the work of Gupta et al. was the 

lack of interpretation resulting from loss of chemical information following fingerprint folding and we 

attempt to address this in the models that follow.  

2.3.2.1 Comparison with fp_as_bits dataset 

 

After descriptor calculation, there were 253 descriptors (152 ECFP descriptors, 88 FCFCP descriptors 

and 13 physicochemical). After preprocessing of the fp_as_features descriptors, there were 54 

descriptors remaining (see Appendix 2.6.3 for a list of descriptors), including AlogP, Num_Rings, 

MolecularPolarSASA and Molecular_Solubility which were also the physcicochemical descriptors of 

the fp_as_bits dataset. However, in the fp_as_features dataset, Number_RotatableBonds was present 

after pre-processing but the decision was taken to remove it from the dataset so that the fp_as_bits 

and fp_as_features datasets differed only in the different fingerprints we were using, allowing for a 

more direct comparison into the influence the different fingerprint representation had on model 

performance. Of the remaining 49 descriptors, 5 were FCFP descriptors and 44 were ECFP descriptors. 

 

2.3.2.2 Descriptor Visualisation  

 

Compared to the analogous plots in Fingerprints as bits, the Figures in 2.4a and 2.4b show the PCA 

and TMAP plots for the fp_as_features dataset. In the PCA plot, if the training set points were to define 

a bounding box in the first 2 principal components, only one point has a PC1 loading value marginally 

larger than the maximum value in the training set and there are no test or validation set values with 

loading values above or below the minimum and maximum value of the training set molecules in PC2. 

We would expect this point to fall outside the applicability domain. 

In the TMAP plot, again there appears to be a sub-branch that consists of 4 test set points as the 

terminal points within a branch – suggesting that these share little similarity to training set points and 

raising questions about their applicability within our model's domain, as was shown for the Figure in 

2.1b for the fp_as_bits dataset. Interestingly these are not all the same, but the final 2 points in that 

sub-branch are the same test set molecules, shown in Figure 2.5, and highlights that whilst different, 

the descriptors are maintaining some consistent relationships between molecules.  
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PCA and TMAP plots of the fp_as_features dataset 

Figure 2.4: a) Plot of our fp_as_features dataset in PCA space and b) TMAP plot of our fp_as_features dataset. 
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Chemical representations of test molecules 20 and 21.  

 

 

 

 

 

 

 

Figure 2.5: Molecules test_20 and test_21 whose TMAP representation remains consistent across 
descriptors 
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2.3.2.3 Training Performance  

 

Our fp_as_features models show superior overall performance during training when compared to the 

fp_as_bits models, with the Kappa, Balanced Accuracy and H-Measure values in Table 2.5 showing an 

improved performance for the fp_as_features models here when compared to the values in Table 2.1 

for the fp_as_bits dataset. All 7 modelling methods, on average, produce models that we consider 

good by the thresholds set. Overall, C5.0 shows the best performance in training, with perfect 

classification in all 10 models. However, it is likely these models overfit, despite the 10-fold cross 

validation repeated 10 times we carry out, but prediction on the test set will ascertain whether the 

C5.0 models are generalizable or not.  

Like in the fp_as_bits models RF, SVM and NN models perform well with Kappa values of 0.99 (± 0.02) 

0.96 (± 0.03) and 0.96 (± 0.03) and H-Measure scores of 1.00, 0.95 (± 0.05) and 0.93 (± 0.05) in Table 

2.5. The performance remains good for models like the NB and PLS models which show similar 

performance to the fp_as_bits models with scores of 0.88 (± 0.00) and 0.76 (± 0.00) for balanced 

accuracy. Here, their scores are similar, with values of 0.85 (± 0.00) and 0.91 (± 0.07).   

 

 

 

 

 

 

 

 

 

Table 2.5: Performance during training for our fp_as_features dataset 
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2.3.2.4 Test and validation set performance  

 

Whether this improved performance in training translated into predictive performance was 

ascertained by predicting on the in-domain test set. Again, our applicability domain is defined by the 

range checking in both the descriptor space and PCA space. After range-checking, 16 molecules are 

again present in the reduced dataset (3 gels and 13 non-gels) and in the validation set this is 5 

molecules (2 gels and 3 non-gels)   

Performance on the reduced test set (Table 2.6) for the fp_as_features models is slightly improved 

compared to the performance of the reduced fp_as_bits set (Table 2.2). Even though in the fp_as_bits 

data we only considered the RF, SVM, NN and PLS models, the PLS model passes the kappa threshold 

again with an increased average kappa from 0.37 to 0.49. The RF performance is worse in terms of all 

performance metrics with kappa (0.57 for fp_as_bits vs 0.56 here), the same H-Measure of 0.70 and 

BA increasing slightly from 0.79 vs 0.82. For the NN it is on the boundary to pass the kappa threshold 

for good, having an average kappa of exactly 0.40 whilst demonstrating solid performance in terms of 

balanced accuracy (0.82) and H-Measure (0.79). The SVM model here falls below the threshold for 

good in terms of kappa, with the performance metrics decreasing from 0.52 to 0.38 for kappa. 

 

Table 2.6: Performance of the reduced test set for all modelling algorithms explored 

 

For the validation set, there are only 5 molecules remaining in the set after filtering (2 gels and 3 non-

gels) and so with this caveat we predict the performance of the RF and PLS models on the full validation 

set. Again, the classification for all models on the full validation set is flawless.  
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2.3.2.5 Relating performance to descriptor visualisation   

 

We re-plot Figure 2.1a in Figure 2.6 with the points sized as to the distance from the correct 

classification. To do this, we consider the thresholds of the models trained which were probability > 

0.5 = gel and probability < 0.5 = non-gel. With this, we calculate the distance from 100% confidence in 

the prediction classification by the model depending on the true label of the point. For example, if a 

non-gel is predicted with a probability of 0.7 to be a gel it would be assigned a score of 0.7. If a gel was 

predicted to form a gel with the same probability, it was assigned a score of 0.3.  

To carry this out, we chose the model that performs best on the applicability domain filtered test set 

for the RF and PLS models. The models are rf_fit_3 and pls_fit_1 which are the 3rd, and 1st model learnt 

for the respective models.  

The results from these scores are displayed in Figures 2.6a and 2.6b where the TMAP plots are scaled 

by how far the probability is from perfect for the true class (distance from 0% predicted gel probability 

for non-gels and 100% predicted gel for gels) – with larger points illustrating points being closer to the 

decision boundary. There is a similar trend present in both plots with the PLS model having a generally 

larger score. The largest scores are reserved for the test set points at point 1 in the figure that are 

single point sub-branches and for the sub-branch containing test set points we discussed previously. 

This gives some indication that the TMAP can highlight potentially difficult predictions for the test and 

validation sets, but further work investigating whether this is widely applicable is required before solid 

conclusions are drawn.  

Although the sub-branch of test set points does not have the largest residuals in this approach, the 

residuals are still large when compared to molecules that are within the main branch of the TMAP plot. 

This indicates that there is some difficulty predicting the points isolated from training set points in the 

TMAP plots.  
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TMAP representation of the fp_as_features dataset sized by distance to perfect classification 

Figure 2.6: TMAP representations of the fp_as_features dataset sized by the distance from a perfect correct 
classification for a) PLS b) RF 

1 

2 
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2.3.2.6 MPO – Model performance 

 

Again, as in the fp_as_bits work we calculate the pareto optimal model in terms of maximising the 

Balanced Accuracy,  Kappa and H-Measure. There are 9 models in total that form the first pareto 

front. There are 3 PLS models, 4 SVM models and 2 RF models. Interestingly, the variation in 

performance seen in the fp_as_bits for the PLS models is seen here. PLS models account for the 2 

optimal models but also is the least optimal model highlighting the variance in the performance of 

these models.  

Again, the performance of the RF and SVM mirrors that seen in the fp_as_bits closely with them 

forming 7 of the 10 most optimal models. Unlike in the fp_as_bits, the NN models perform poorly 

here, with the best NN model forming part of the third pareto front.  

2.3.2.7 Chemical similarity in misclassification 

 

Figure 2.7 shows the molecules that are most misclassified by the fp_as_features models. 

Interestingly, it is the same 3 molecules that are difficult for the models to predict. This may indicate 

that the feature fingerprint sets are very similar to the bit fingerprints and the models are failing to 

predict these molecules for similar reasons to the fp_as_bits models.  

However, in these models, these points are miclassified 59, 53 and 43 times resulting in 

misclassification 84%, 76% and 61% of the time. Suggesting that the fp_as_features descriptors may 

do a poorer job of representing the models.    

 

Figure 2.7 The 3 most misclassified molecules in the fp_as_features model set.  

2.3.2.8 Y-Randomisation 

 

Since the fp_as_features RF and PLS model show promising predictive performance, y-randomisation 

is again used as a tool to further increase our belief in the predictive ability of these models. It is clear 

from the results in Table 2.7 that the predictive performance of our y-randomised models is poor. This 

is further demonstrated by the H-Measure Z scores for the two models. For the RF models, the Z score 

is 1.52 giving 6.4% chance that the true model is drawn from the same distribution as the randomised 
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models. For the PLS model, this value decreases to 1.40 resulting in an 8.1% chance interval that the 

true model is a sample drawn from the same distribution as the y-randomised models.  

 

 

2.3.2.9 Variable Importance  

 

Since it appears we have generated good models with the fp_as_features data, the benefit of this 

descriptor set can now be exploited with the investigation of variable importance and the mapping of 

fingerprint fragments back on to the molecules for rationalisation of the importance.   

For model interpretability, we investigate the variable importance for the RF and PLS model as these 

models perform best overall. For each of the 10 models, for RF, we use the built-in caret::varImp() 

which returns the difference in prediction accuracy between the descriptors as inputted into the model 

and the descriptors after permutation (random shuffling of the features in a descriptor column) and 

average the score across all 10 models to get a general idea of variable importance.  

For the PLS models, we carry out the same approach but caret defaults to the filterVarImp() (see 

2.2.10.1 R Model Interpretation) function due to the lack of inherent importance measure. This 

outputs a ROC score between 0 and 1 based on how well the points can be classified into their correct 

classes based purely on a descriptor, with scores close to 1 showing good separation between classes 

for that descriptor. This means that the scores in the importance across models are not necessarily 

directly comparable, but the order of the most important descriptors may provide some insight.   

For the SHAP variable importance, the SHAP values are calculated for the applicability domain filtered 

test and validation sets, 16 data points in total (12 test and 4 validation). Due to the different scale of 

the physicochemical descriptors, these have been scaled between 0 and 1 so that they are on the same 

scale as the fingerprint descriptors whilst retaining the relative size of the descriptor within the set. 

The values for the SHAP plot are directly comparable across modelling algorithms and will be 

compared to the R caret variable importance for any similarities.  

As our dataset comprises both physicochemical and fingerprint descriptors (which can be mapped back 

onto a molecule), we can relate the relative importance of the R caret and SHAP importance to 

Table 2.7: Performance of the y-randomised models on the in domain test set 
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experimental findings. To aid in this, the molecules within our dataset are generalised using the same 

composition as those in Fleming et al.36 as being composed of four components (Figure 2.8), the 

aromatic N terminus group – in our case this is predominantly Fmoc or Naphthalene. The linker 

between the aromatic group and the peptide, the peptide (which itself is made up by the peptide 

backbone and the R groups of the amino acids) and any modification of the C terminus.  

  

 

The four regions have all been shown to play different roles within self-assembly of peptides, outlined 

in detail in [35]. These include increased π- π stacking of the aromatic region, the linker controlling 

planarity of the system and the peptide providing an amphiphilic region to drive self-assembly.   

2.3.2.9.1 R Variable Importance  

2.3.2.9.1.1 RF Importance  

 

The results of the average variable importance during training for the 10 RF models is summarised in 

Figure 2.9. For the RF models, on average Molecular Solubility is the most important descriptor, 

suggesting that solubility plays a key role in differentiating between molecules that form gels and those 

that do not. Given that solubility is the driving force it is plausible that this is in fact an important 

descriptor, however, it is also problem that molecular solubility is heavily correlated to a number of 

descriptors removed in the pre-processing of the data and could be acting as a surrogate descriptor 

for these fragments in the molecule.  

ALogP, Molecular_PolarSASA and the Num_Rings are the 2nd, 3rd and 5th most important descriptors 

overall according to this approach. Although this approach doesn’t specify how important the value 

for each descriptor is, further analysis using the SHAP approach will allow us to draw conclusions about 

this.  

In a similar vein, of the ECFP and FCFP fragments considered important by the RF models, the 1st, 2nd, 

5th and 6th most important fingerprints out of the 6 present in the top 10 are the aromatic N terminal 

Figure 2.8: Composition of our molecules for variable importance mapping taken from [35] 
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moiety, the 3rd (6th overall most important) most important being the linker with the peptide backbone 

and the 4th (8th overall) being the side chain of a isoleucine amino acid.  

 

R variable importance for the Random Forest model 

 

 

ECFP_4.717474525 

RF Average Importance = 0.47 

ECFP_4.-755462606 

RF Average Importance = 0.35 

ECFP_4.-1194163736 

RF Average Importance = 0.34 

FCFP_4.1272798659 

RF Average Importance = 0.32 

ECFP_4.-178525456 

RF Average Importance = 0.30 

ECFP_4.-2019199918 

RF Average Importance = 0.30 

ECFP_4.717474525 

RF Average Importance = 0.47 

ECFP_4.-755462605 

RF Average Importance = 0.35 

ECFP_4.-1194163736 

RF Average Importance = 0.34 

FCFP_4.1272798659 

RF Average Importance = 0.32 

ECFP_4.-178525456 

RF Average Importance = 0.30 

ECFP_4.-2019199918 

RF Average Importance = 0.30 

Figure 2.9: Mean Accuracy Decrease of each descriptor for our RF model with the corresponding fragment highlighted on a training set 
molecule where appropriate.  
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2.3.2.9.1.2 PLS importance  

 

For the PLS important descriptors, in Figure 2.10, none of the physicochemical descriptors are in the 

most important 10 descriptors, whereas all 4 were within the top 5 of the RF caret importance. Of the 

9 most important fragments shown in Figure 2.10, there is a wide range of the regions we defined in 

Figure 2.8 in our molecules represented in these fragments. The most important fragment is the phenyl 

ring of a phenylalanine amino acid. The side chain of an isoleucine is again present in the top 

fragments, being the 8th most important by the model. The linker between the aromatic region and 

the peptide is the second most important fragment from the ROC approach. The entire peptide makes 

up the fragments thought to be the 3rd, 4th, 5th and 9th most important by our PLS model, with the 6th 

and 7th most important fragments being examples of naphthalene aromatic moieties only.  

Although we have gained a general idea about the importance both the RF and PLS models place on 

different types of molecule fragments, we still have no knowledge about how the values of these 

fragments (whether they are absent or present) affect the probability of gel formation (does the 

presence of a fragment increase or decrease the probability of gel formation?). The following SHAP 

analysis should provide some insights as to these relationships within our models.  
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R variable importance for the Partial Least Squares – Discriminant Analysis model 

ECFP_4.-244977436 

PLS Average Importance = 0.02 

ECFP_4.-1205575950 

PLS Average Importance = 0.02 

ECFP_4.1307307440 

PLS Average Importance = 0.019 

ECFP_4.642810091 

PLS Average Importance = 0.019 

ECFP_4.-1380908375 

PLS Average Importance = 0.019 

ECFP_4.-1886441421 

PLS Average Importance = 0.018 

ECFP_4.717474525 

PLS Average Importance = 0.018 

ECFP_4.-1043339860 

PLS Average Importance = 0.018 

ECFP_4.944269100 

PLS Average Importance = 0.018 

Figure 2.10: ROC filter score for the descriptors for our PLS model, again highlighted as red circles on a training set molecule where appropriate.  
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2.3.2.9.2 R SHAP Importance  

2.3.2.9.2.1 RF Shap Importance 

 

The beeswarm plot in Figure 2.11 illustrates the importance of each molecule in the combined test 

and validation set as a point on the graph, coloured by descriptor value. The position of each point on 

the beeswarm plot is the average SHAP value for that descriptor, for that molecule, across all coalitions 

that descriptor was present in. The rows are ordered by the absolute mean SHAP value for a descriptor, 

meaning that the most influential descriptors (regardless of whether the importance is positive or 

negative) are presented first. We take the top 10 descriptors and plot them in the beeswarm in Figure 

2.11.  

Again, Molecular Solubility is seen as the most important descriptor, followed by the Number of Rings. 

We can see from Figure 2.11 that there are  clear value dependencies on the prediction effect, showing 

that increased molecular solubility results in a more negative SHAP attribution for the descriptor, 

meaning it has a negative effect on the probability of gel formation. This corroborates experimental 

findings that show that increased solubility of peptides reduces their propensity for aggregation.37,38  

For the number of rings, we see as the number of rings present in the molecule increases, the 

probability of forming a gel also increases. This is likely because ring systems, in particular aromatic 

rings are popular methods of introducing hydrophobicity into the system to increase hydrophobic 

interactions. For example, in Fmoc based gels, fluorescence spectra show significant packing of the 

aromatic Fmoc protecting group.39  

The only other physicochemical descriptor present in the top 10 most important is the molecular polar 

solvent accessible surface area, which shows that an increase in the surface area corresponds with a 

modest increase in gel probability. However, in all but one case the change in probability is still 

negative, suggesting that an increase in PolarSASA still results in a decrease in gel probability – meaning 

this descriptor does a poor job of differentiating between gels and non-gels.   
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SHAP variable importance for the Random Forest model  

Figure 2.11 Beeswarm plot of the RF model and the corresponding molecular fragments highlighted as red circles on a training set molecule. 

ECFP_4.532107990 

ECFP_4.-1187934975 

FCFP_4.-1043339860 

 

ECFP_4.1931561167 

FCFP_4.-1272798659 

 

ECFP_4.864518973 

ECFP_4.-649348348 
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For the fingerprint fragments in the top 10, although in Figure 2.11 they look like very similar 

fragments, there is some variation within them. The most important fingerprint ECFP_4.-649348348 

([*]NC(=O)C([*])[*]) has a positive relationship between the presence of this fragment and gelation. 

This fragment is only present in molecules where in the Linker-AA-COOH arrangement, the first amino 

acid contains a side chain, such as phenylalanine (F), isoleucine (I) or valine (V). There are examples of 

Aromatic-Phe, Aromatic -Val, Aromatic -Ile and Aromatic -Leu (where the aromatic is either phenyl and 

naphthalene) containing just the one amino acid, in these cases the bit is set to 0, highlighting that the 

model is identifying the importance of the dipeptide arrangement in allowing gelation. Although there 

are reports40,41,42 of protected single amino acid gels, they are much less common than their dipeptide 

alternatives.43–45    

The second most important fingerprint descriptor is FCFP_4.-1043339860 ([*]CC(C)C([*])[*]) and is set 

by molecules containing valine, leucine and isoleucine, regardless of whether they are as a single 

amino acid or a dipeptide. Interestingly, the presence of this fragment results in a decrease in the gel 

probability. This is somewhat surprising, as in work comparing the gelation state of Ile-Phe and Val-

Phe based gels, the change of Val to Ile and the introduction of the extra methyl group promotes 

gelation in Ile-Phe whereas Val-Phe fails to gel. This is posited to be caused by an increased 

hydrophobicity in the amino acid side chain promoting hydrophobic interactions that drive self-

assembly.46 

However, our datasets contain diphenylalanine (FF) based gels, and the 11 molecules within the entire 

training, test and validation sets with the highest gel probability are those that contain an FF moiety. 

This could mean that the presence of the valine, leucine and isoleucine decreases the gel probability 

not because they are bad for gelation but that they are worse than phenylalanine, which the model 

correctly considers an important fragment for gelation, as it has been shown that phenylalanine can 

self-assemble as a functionalised amino acid.47  

The remaining fragments in the SHAP importance are slight modifications of the first two fragments in 

the plot, they either explicitly include the phenyl ring in the fragment for phenylalanine and show a 

positive correlation between the presence of the fragment and the SHAP value or could be set by a 

valine, leucine or isoleucine with the same negative correlation between presence and SHAP value. It 

is interesting that the model interpretation is able to highlight the importance of the phenylalanine 

amino acid for self-assembly, corroborating experimental findings.  
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2.3.2.9.2.2 PLS Shap Importance 

 

For our PLS models (Figure 2.12), the most important molecular fragment is again the ECFP_4.-

649348348 (([*]NC(=O)C([*])[*])) which is the most important fragment overall. It follows the same 

relationship between descriptor value and SHAP value, showing that the PLS model highlights the same 

importance of the dipeptides. Molecular solubility is the second most important descriptor and again, 

the relationship is the same here for the RF SHAP.  

Although there are examples of isoleucine (ECFP_4.-742649778) and phenylalanine 

(ECFP_4.532107990) and these show the same relationships as the RF SHAP, surprisingly there is a 

heavy importance placed on the aromatic linker with 4 examples of naphthalene-based fragments in 

the most important 10. The aromatic moiety is introduced to provide the hydrophobic region in the 

molecule to increase hydrophobic interactions and increase π- π stacking and naphthalene is widely 

used to promote gelation45,48,49.  

However, the PLS model places a relatively high negative SHAP on the presence of this fragment. This 

is a surprise as the PLS model suggesting that the presence of the fragment is decreasing the 

probability of a gel forming even though it has been thought experimentally to be an excellent group 

at promoting self-assembly. This may make the RF model more appealing for future deployment as 

interpretation of the model predictions corroborate more closely with experiment.  
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SHAP variable importance for the Partial Least Squares – Discriminant Analysis model   

Figure 2.12: Beeswarm plot of the PLS model and the corresponding molecular fragments highlighted on a training set molecule.  
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2.3.3 Python Classification Models  

 

Later in this work, when it became clear (Chapter 5) that we require a classifier in Python to interact 

with the work introduced there, we wished to use the RDKit functionality that allows mapping of 

fingerprint bits back onto the molecule to allow for direct comparison with the Gupta et al. models 

but with descriptors and modelling methods from other software packages and to allow for model 

interpretation that is comparable with the fp_as_features models.  

However, given that across all the descriptor sets investigated thus far, the RF consistently performed 

well, and from the results of the model interpretation, we decided to focus on learning a RF in sci-kit 

learn24 (version 0.23.2) as it also allows for the direct Gini importance variable importance metric to 

compare with the SHAP approach.  

2.3.3.1 Comparison with fp_as_bits Pipeline Pilot descriptors 

 

After descriptor calculation, there were 4100 descriptors (4 physicochemical, 2048 ECFP and 2048 

FCFP) and after descriptor preprocessing there were 58 descriptors (see Appendix 2.6.4 for a list of 

descriptors), including Number of Rings, AlogP and Molecular Solubility. The remaining 55 descriptors 

were 21 ECFP and 34 FCFP fragments. Work has been carried out comparing the implementation of 

the fingerprint descriptor algorithms between Pipeline Pilot and RDKit showing that they are generally 

very similar with difference being “mostly aromatic” (Figure 2.13).50 However, when comparing the 

python_classifier fingerprints to the fp_as_bits Pipeline Pilot descriptors, there were 25 ECFP and 25 

FCFP fragments in the fp_as_bits data creating variation within our datasets. 
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2.3.3.2 Descriptor Visualisation  

 

The first two principal components only explain 11.55% and 8.85% (20.40% in total) of the variance in 

the dataset meaning that the PCA plot in Figure 2.14a may not fully capture the descriptor set. 

However, with this, the PCA plot shows good coverage of the PCA space by the training set and so we 

would expect good domain coverage of the test and validation sets, resulting in the test and validation 

sets being encompassed by the training set points if they were to create a 2D bounding box in this PCA 

space.  

In the TMAP plot (Figure 2.14b) there are 6 of the 21 data points that are terminal points of a sub-

branch. Again, there is a sub-branch with 4 terminal test set point but again they are not the same 4 

points as those in the corresponding fp_as_bits and fp_as_features plots (Figures 2.1b and 2.4b). 

 

 

Figure 2.13: Difference between the Pipeline Pilot ECFP (ECFP_4) and the analogous RDKit implementation (morgan2) Taken 
from [47]  



102 | P a g e  
 

PCA and TMAP plots of the Python_Classifier dataset 

Figure 2.14 a) Visualisation of the Python_Classifier dataset in PCA space and b) TMAP visualisation of the Python_Classifier space 

 



103 | P a g e  
 

2.3.3.3 Training set performance  

 

We can see good training performance for our Python classifier (Table 2.8), in fact we see decreased 

performance than the fp_as_bits R model across all metrics. For Kappa, the score decreases from 1.00 

to 0.94 here and we see similar decreases for Balanced Accuracy (1.00 to 0.97) and H-Measure (1.00 

to 0.92). Also, there is comparable performance to the fp_as_features models across kappa (0.99 vs 

0.94 here), Balanced accuracy (0.99 vs 0.97 here) and H-Measure (1.00 vs 0.92) here.  

Table 2.8: Training set performance of our sklearn RF model using the python_classifier descriptors 

 

 

2.3.3.4 Test and validation set performance  

 

Again, we implemented an applicability domain filter for our test and validation set points based on 

the range check of the descriptors and first 10 principal components for direct comparison with the 

work in Gupta et al12 and our fp_as_bits work. Filtering of the test set reduces the dataset from 21 

molecules to 14 molecules (4 gels and 10 non-gels) and for the validation set it reduces to just 4 (all 

non-gels). Predictions of our RF model on the reduced test set are shown in Table 2.9. Comparing our 

Python_Classifier performance to the fp_as_bits models, we see the same kappa (0.57 v 0.57) and 

modest increases in performance for balanced accuracy (0.85 v 0.79) and H-measure (0.74 v 0.70).  

Compared to the Gupta models, we again find slightly decreased performance across the kappa (0.57 

v 0.76), balanced accuracy (0.85 v 0.96) and H-measure (0.74 v 1) which is similar to what we found 

for our fp_as_features models. Comparing with the fp_as_features data shows very similar 

performance across the kappa (0.57 v 0.56), balanced accuracy (0.85 v 0.82) and H-measure (0.74 v 

0.70). Since the in-domain validation set contains no gels, we instead predict on the full validation set 

and see perfect classification on the 7 molecules. 

 

 

Table 2.9: Performance of the test set on the range-check filtered test set 
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2.3.3.5 Chemical Similarity  

 

In total, the Random Forest misclassifies 3 molecules in the in-domain test set. When comparing to 

the most misclassified points in the R models, it is only molecule 2 that is again misclassified in our 

python models. This adds further evidence to this molecule being difficult for models to predict 

based on the training set used to train the model. However, the Python model does correctly predict 

the difficult to predict molecules in the R models hinting that the python model is making predictions 

based on fragments that can differentiate between gel and non-gel for these difficult to predict 

molecules.  

 

2.3.3.6 Y-randomisation  

 

For our Python classifier models, we take an extra step in our Y-randomisation and carry out a 

calculation of the Z score for the H-Measure statistic for 50 randomised models and compare it to the 

value for our true model.  

The average performance of the 50 y-randomised models for the H-Measure can be found in Figure 

2.16. The distribution shown in Figure 2.16 is the range of H-Measure scores obtained from the 50 y-

randomised models on the in-domain test set. From the figure we see a drastic difference in the 

predictive ability of the model on the in-domain test set. This is encouraging given that the labels have 

been shuffled and so the features are no longer reflective of the gel state they correspond to. This 

gives greater weight to the idea that the relationships found between the descriptors and gel label in 

the true models is capturing real relationships governing gel formation.  

We can quantify the difference in prediction on the in-domain test set between the true model (solid 

vertical line in Figure 2.16) and the distribution of random model H-measure values through the Z 

score. We calculate the Z score between the true in-domain H-measure and the average and standard 

deviation of the y-rand H-Measure as 3.50 which results in 0.03% chance that our true model is a 

model drawn from the y-randomised model distribution.  

Figure 2.15: Molecules misclassified by the Python_Classifier Random Forest model 
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Distribution of the H-Measure statistic on the y-randomised models 

2.3.3.7 Variable importance  

2.3.3.7.1 RF importance   

 

Since it appears we have successfully created a predictive classifier in python for our dataset we can 

interpret the model and compare the importance to those calculated for our R models. For variable 

importance investigations of our model, we again turn to the in-built importance measure within RF 

and a Shap approach within Python. For the Python RF, importance is calculated differently than in R 

using the mean and standard deviation of the total impurity decrease within each tree for that 

descriptor. This results in descriptors with high variable importance being more preferential splits in 

the tree as they result in more homogenous labels in the child node. It is worth noting that the absolute 

values are not comparable to the R models, but the ordering will be compared.  

From the variable importance (Figure 2.17), it appears that the python model interestingly places very 

similar importance to structurally similar fragments to the R models. We again see molecular solubility 

and number of rings as important descriptors. For the fragment descriptors, there is again a large 

proportion of similar fragments to the R variable importance with the phenylalanine fragments and 

the isoleucine, leucine and valine setting fragments also seen to be important.  

 

Figure 2.16: Distribution of H-Measure values on the in-domain test set for our 50 y-randomised models. The H-Measure of our 
true model on the in-domain test set is shown as a solid vertical line. 
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Gini importance of the Python Random Forest model 

 

  

 

FCFP_1566 

 

 

FCFP_1668 FCFP_792 

FCFP_468 
ECFP_2016 

FCFP_1085 

ECFP_283 

Figure 2.17: Mean Gini decrease ranked descriptors for our Python Classifier RF model 
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2.3.3.7.2 SHAP importance   

 

Again, just as in the R models Molecular Solubility is an important descriptor in Figure 2.18, reaffirming 

our belief in how the balance between gelation and solution is one of the most important factors 

determining gel formation. Num_Rings, also, is a very important descriptor, illustrating that these are 

important in molecular self-assembly and thus gel formation. For the fingerprint fragments, we will 

utilise the Shap approach to determine the nature of the importance of the descriptors and determine 

if the Python models follow the same relationships as the R models. 

Again, the Shap interpretation in Figure 2.18 shows remarkably similar conclusions to the R RF model. 

Here, there is again a high emphasis on the phenylalanine side chain and its positive impact on gelation 

and the potential negative impact of replacing the phenylalanine with leucine, valine or isoleucine 

resulting in a reduction in gel probability. It is reassuring that across descriptor sets and software 

packages not only does it appear, from the types of fragments present in the variable importance 

measures, that both datasets contain very similar fragments, and the same types of fragments are 

important in making accurate predictions.  
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SHAP importance of the Random Forest Python model 

FCFP_1085 

FCFP_792 FCFP_1668 

FCFP_1566 

FCFP_468 

ECFP_2016 FCFP_789 

ECFP_283 

 Figure 2.18: Beeswarm plot showing how the descriptor value in our Python_Classifier dataset impacts the SHAP value. 
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2.4 Conclusions 
 

We have successfully replicated the models with similar performance to those in the literature. 

Importantly, we have built models where descriptor scan be interpreted and that, for Random Forest 

and PLS, show excellent performance across Kappa, Balanced Accuracy and H-Measure performance 

on the test set and the in-domain test set points.  

Moreover, we have investigated the model interpretation using both caret and SHAP methods and 

found trends, such as the importance of phenylalanine, that are consistent with those expected for 

the RF models but contradictory trends in our PLS, such as the negative correlation for the presence 

of naphthalene, reducing our confidence in this model. Our Python RF model shows comparable 

performance to the fp_as_features RF models and again, on fingerprints as a 2048 bit string, shows 

similar trends to the fp_as_features model.  

Moving forward, we have a range of robust and interpretable models to predict whether a molecule 

will form a gel, work will continue into building regression models to predict important properties of 

gels, such as the storage and loss moduli of peptide-based gels (Chapters 3 and 4) to work in tandem 

with the models introduced here to build generative models with desired property profiles (Chapter 

5). 
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2.6 Appendix 

2.6.1 Molecules in this dataset 
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2.6.2 fp_as_bits descriptors  

 

ALogP, Num_Rings, Molecular_PolarSASA, Molecular_Solubility, ECFP_4.7, ECFP_4.10,  

ECFP_4.241, ECFP_4.489, ECFP_4.676, ECFP_4.727, ECFP_4.734, ECFP_4.830 

ECFP_4.947, ECFP_4.979, ECFP_4.1069.ECFP_4.1107.ECFP_4.1282, ECFP_4.1342,     

ECFP_4.1412, ECFP_4.1428, ECFP_4.1485, ECFP_4.1488, ECFP_4.1512, ECFP_4.1588,     

ECFP_4.1749, ECFP_4.1779, ECFP_4.1837, ECFP_4.1893, ECFP_4.1951, FCFP_4.65,  

FCFP_4.214, FCFP_4.271, FCFP_4.378, FCFP_4.464, FCFP_4.466, FCFP_4.574 

FCFP_4.614, FCFP_4.805, FCFP_4.922, FCFP_4.943, FCFP_4.1056, FCFP_4.1152,     

FCFP_4.1194, FCFP_4.1343, FCFP_4.1453, FCFP_4.1479, FCFP_4.1485, FCFP_4.1496,     

FCFP_4.1565, FCFP_4.1732, FCFP_4.1828, FCFP_4.1871, FCFP_4.1873, FCFP_4.1883,  

FCFP_4.1961, FCFP_4.1972, FCFP_4.2007 

 

2.6.3 fp_as_features descriptors  

 

ALogP, Num_Rings, Molecular_PolarSASA, Molecular_Solubility, CM.FCFP_4.-453677277, 

CM.FCFP_4.136597326, CM.FCFP_4.1674451008, CM.FCFP_4.-1043339860,                                              

CM.FCFP_4.-1272798659, CM.ECFP_4.532107990   CM.ECFP_4.-244977436,                                                                                                 

CM.ECFP_4.-1187934975, CM.ECFP_4.1931561167, CM.ECFP_4.1307307440,                        

CM.ECFP_4.1370095678, CM.ECFP_4.-649348348, CM.ECFP_4.-1194163736,                        

CM.ECFP_4.1564392544, CM.ECFP_4.944269100,   CM.ECFP_4.1336540477,                                   

CM.ECFP_4.-1145977934, CM.ECFP_4.-2019199918, CM.ECFP_4.1708805596,                                  

CM.ECFP_4.642810091, CM.ECFP_4.1813259826  CM.ECFP_4.1640927238,                                      

CM.ECFP_4.1810416527, CM.ECFP_4.-206566761, CM.ECFP_4.734603939,   CM.ECFP_4.99898855,   

CM.ECFP_4.709582886,   CM.ECFP_4.-178525456, CM.ECFP_4.1639858918,                                     

CM.ECFP_4.-755462605, CM.ECFP_4.-1886441421, CM.ECFP_4.711018196,                                                    

CM.ECFP_4.-1096757101, CM.ECFP_4.721225968, CM.ECFP_4.-2049718428,                                    

CM.ECFP_4.-1205575950, CM.ECFP_4.497523368, CM.ECFP_4.-1421541878,                                     

CM.ECFP_4.706739587   CM.ECFP_4.1252107495, CM.ECFP_4.-742649778,                                        

CM.ECFP_4.716689417,  CM.ECFP_4.-2123658813, CM.ECFP_4.391801793,                                     

CM.ECFP_4.-1380908375, CM.ECFP_4.863188371, CM.ECFP_4.717474525,                                     

CM.ECFP_4.864518973, CM.ECFP_4.1731135544 
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2.6.4 py_class descriptors  

 

num_rings, alogp, mol_solu, FCFP_4, FCFP_6, FCFP_8, FCFP_21, FCFP_25, FCFP_71, FCFP_124, 

FCFP_147, FCFP_148, FCFP_208, FCFP_224, FCFP_397, FCFP_403, FCFP_416, FCFP_428, FCFP_468, 

FCFP_548, FCFP_598, FCFP_646, FCFP_764, FCFP_789, FCFP_792, FCFP_1063, FCFP_1085, FCFP_1157, 

FCFP_1336, FCFP_1395, FCFP_1566, FCFP_1668, FCFP_1706, FCFP_1727, FCFP_1797, FCFP_1863, 

FCFP_1907, ECFP_173, ECFP_197, ECFP_203, ECFP_283, ECFP_294, ECFP_322, ECFP_507, ECFP_598, 

ECFP_736, ECFP_875, ECFP_895, ECFP_989, ECFP_1039, ECFP_1057, ECFP_1087, ECFP_1107, 

ECFP_1118, ECFP_1575,ECFP_1623, ECFP_1624, ECFP_2016 
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3.1 Introduction 

 

Although the classification models reported in the literature and built upon in chapter 2 are a positive 

step of whether or not a small molecule will form a gel under the glucono-δ-lactone trigger. Most gels 

are synthesised with an application in mind and there have been numerous reports of rheology 

dependent application, as discussed in Chapter 1. For example, the Alakpa et al.1 work demonstrated 

that for three molecular gels with a range of stiffness, stem cells would differentiate preferentially 

down neuronal, chondrogenic or osteogenic pathways depending on the stiffness of the gel (Figure 

3.1).   

 

The importance of the mechanical profile of gels for cell culturing has been further highlighted in work 

with peptide-based hydrogels.2 Here, a peptide of 8 amino acids is modified by Arg-Gly-Asp to alter 

the concentration of peptide in solution and this is shown to alter the stiffness of the gel. Moreover, 

as in Alakpa1, they show that the stiffness of the gel is important in determining the differentiation 

pathway of cells. 

Also, the stiffness of the gel is influential if the gel is to be used as a drug-delivery medium.3 For 

example, if the drug is to be delivered via injection, the gel must possess the mechanical properties to 

become a low viscous gel upon the application of a shear stress (see Chapter 1.3 - Rheology) before 

returning into the solid-like gel once the shear stress has stopped.4   

[Grab your reader’s 

Figure 3.1: (top) the different stiffness of gel used by Alakpa et al. (bottom) the different expression of the 
neural, chondrocyte and osteoblast cells respectively for each gel. Figure adapted from [1] 
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There are a range of reports of injectable peptide-based hydrogels. For example, Thota et al.5 report a 

leucine-phenylalanine dipeptide based gel which they successfully show shear thinning and recovering 

post injection. Moreover, they load the gel with both hydrophilic and hydrophobic drugs such as 

Neomycin (Figure 3.2a) and Rifampicin (Figure 3.2b) that demonstrate slow and consistent release 

from the gel.  

 

 

Other examples of reported injectable hydrogels include a diphenylalanine based gel loaded with 5-

Aminolevulinic acid (5-ALA) (Figure 3.3) a prodrug used to highlight tumour cells during surgery.6 In 

mice studies they show controlled and sustained release of 5-ALA after injection allowing for sustained 

visualisation of the tumour in mice.  

 

 

Figure 3.2: a) Neomycin and b) Rifampicin 

Figure 3.3: 5-Aminolevulinic acid 
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Another interesting potential application for these materials that is dependent on possessing the 

ability to become viscous upon the application of a shear stress before returning to a sold is as 

materials for 3D printing.7  Here they present a range of peptide-based gels (Figure 3.4a) that possess 

mechanical properties conducive to printing and produce printed gels (Figure 3.4b). The range of 

interesting potential applications highlight the benefits that profiling the mechanical properties before 

synthesis could produce for a candidate gel molecule. 

 

 

As introduced in Chapter 1.3 - Rheology, the mechanical properties of gels are determined by applying 

a shear stress to the gel and measuring the ensuing strain. The stiffness of the gel is quantified as the 

storage modulus (G′) and the viscosity the loss modulus (G′′). Therefore, in this chapter we produce 

predictive QSAR models to predict both the G′ and G′′ of peptide-based hydrogels. Our models are 

built on a gel dataset that is different to the one used to build the classification models of Chapter 2 

but formed using the same glucono-δ-lactone trigger as the molecules in the classification. Structures 

and their respective G′ and G′′ can be found in the Appendix 3.6.1.  

To do this, we attempt to use the same modelling approaches as Chapter 2, where appropriate. With 

this in mind, we examined PLS, kNN, Random Forest and Support Vector Machine modelling 

Figure 3.4: a) Gels used as the materials for 3D printing and b) Results of 3D prints showing 
stability in a range of conformations. Figures adapted from [7] 
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algorithms. Moreover, we also looked at a linear model, the Bayesian Generalised Linear Model as a 

baseline model.  

3.2 Experimental 

3.2.1 Dataset 

 

Our modelling dataset for our regression models was prepared by the Adams group in Glasgow using 

the same gelation approach as the molecules in Chapter 2 (see 2.2 Experimental) - the glucono-δ-

lactone trigger method. Our dataset consists of 23 unique molecules (Figure 3.5), 22 of these 

molecules are present at 2.5, 5 and 10 mg/mL concentrations and a single molecule is present only at 

2.5 mg/mL this results in a dataset of 67 ((22 * 3) + 1) points with unique G′ and G′′ values (see Appendix 

3.6.1 for values). Our G′ values span the range of 1624 Pa to 580333 Pa and our G’’ values span the 

range 192 Pa to 52995 Pa, giving a range of three orders of magnitude for the entire G′ and G′′ space 

for our models.  

3.2.2 Descriptor calculation 

 

Our molecular descriptors were calculated using the same approach as the fp_as_features models in 

the previous chapter (see 2.2.3.1 R Model Descriptors). Molecular properties (AlogP, Molecular Weight, 

Num_Atoms, Num_RotatableBonds, Num_Rings, Num_H_Acceptors, Num_H_Donors, 

Num_AromaticRings, Molecular_SurfaceArea, Molecular_PolarSurfaceArea, MolecularPolarSASA, 

Molecular_Solubility and LogD) were calculated along with both the Extended Connectivity Fingerprint 

Count (ECFC) with radius 4 and the Functional Class Fingerprint Count (FCFC) also with radius 4. 

Our fingerprints were kept as features, meaning no conversion to a bit string and the fingerprints are 

indexed by their hash values generated during calculation. The fingerprints are expressed as counts, 

giving the total number of times the fragment is present in the molecule.  

Given that we have the same molecules present in the dataset at different concentrations, we need to 

carry out some feature engineering to make the calculated descriptors viable for model building. We 

engineered our features by multiplying all calculated descriptors by the concentration of the starting 

gelator. We do this as it has been shown that G′ and G′′ for functionalised dipeptides are linearly 

dependent on concentration8 and so we can utilise this knowledge to transform our descriptors to 

make them suitable for model building (Table 3.1).  
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 Figure 3.5: Chemical structures of the 23 molecules in the rheology dataset. 
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Table 3.1: Toy example showing the feature engineering of our descriptors 

Starting Gelator 

Concentration 

(mg/mL) 

Fingerprint 1 

(pre-conversion) 

Fingerprint 1 

(Post-conversion) 

2.5 2 5 

5 2 10 

10 1 10 
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3.2.3 Data Splitting 

 

Given that our dataset is relatively small, we were mindful that the performance of any model could 

be heavily dependent on the split carried out on the data into training, test and validation sets. 

Therefore, we carried out a repeated data splitting procedure to gauge the extent the data split impacts 

model predictive performance. The overall splitting procedure is displayed graphically in Figure 3.6 and 

can be summarised as follows:  

 

 

 

Figure 3.6: Flowchart demonstrating the data splitting procedure carried out in this chapter 
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From the entire dataset, molecules were placed with the smallest and largest endpoint values into the 

training set. All other instances of this molecule at different concentrations were also placed in the 

training set. The placement of the highest and lowest values into the training set ensures that no points 

in the test and validation set can be out-of-domain with respect to the G′ or G′′. Placing all other 

concentrations in the training set addresses the potential that model performance could be artificially 

enhanced by having predictions of points in the training set present in the test and/or validation set, 

albeit at different concentrations.  

From the remaining molecules, we split the data using caret::CreateDataPartition() data splitting 

procedure with 15% of molecules selected. It is worth noting that if the same molecule was picked 

more than once (for example a molecule could be picked at both 2.5 and 5 mg/mL in the initial split) 

in the original caret::CreateDataPartition(), then the size of the dataset could be larger or smaller than 

15%. This 15% would form the validation set and the remaining 85% the modelling set. We repeat this 

procedure 5 times to obtain 5 modelling sets with a corresponding 5 validation sets.  

From the modelling set molecules that were not already assigned to the training set, we split using 

caret::CreateDataPartition() so that the test set is approximately 20% of the entire dataset. We 

repeated this train/test split 5 times so that for each repeat we have 5 training sets, 5 test sets and a 

single unique validation set. Overall, this resulted in 25 training sets, 25 test sets and 5 validation sets.  

3.2.4 PreProcessing 

 

For each training set, we used the caret package to carry out the preprocessing. Firstly,we used the 

caret::nearZeroVar() function to remove any descriptors where 95% of the values are the same value. 

Of the remaining descriptors, we calculated the correlation between them using the 

caret::findcorrelation() with a cut-off of 0.9. We removed the descriptor in the pair that has the highest 

correlation with the other descriptors in the feature set. Each test set and validation set descriptor files 

were cleaned to match those remaining in the test set after processing.  

Before model building, we examined the G′ and G′′ values based upon the range of their values. For 

G′, the value at 580333 Pa is a large outlier, with no data points with similar G′ values. We can use the 

Z-Score (introduced in 1.10 – Y-randomisation) to categorise a point as an outlier if its Z-score is greater 

than 2.59. Our point’s Z-score of 5.49 clearly exceeds the limit and as such is an outlier.  

To compensate for this, we normalise the G′ and G′′ values by taking the log10 of all the G′ and G′′ 

values, bringing the entire dataset onto the same scale.10 
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3.2.5 Model Building 

 

All model building was carried out using the caret::train() function. Centring and scaling of the data 

was carried out during training and is automatically applied to the data for any new predictions made 

by the model. During model building, we carried out 10-fold cross-validation repeated 10 times to 

optimise each model’s hyperparameters.  

Initially, we learnt a model using a simple linear regression model, namely a BayesGLM. We then 

investigated more complex models including a kNN, PLS, SVM and RF models. For each training set, we 

build 10 models for each algorithm to gauge an average performance for each model.  

3.2.6 Model Validation  

 

The performance of each model was assessed on the test set initially, and if the performance of the 

test set was deemed acceptable it was then exposed to the molecules in the validation set. The 

performance of the models were assessed using both the RMSE (Equation 3.1) and R2 (Equation 3.2) 

between the experimental values and the model’s prediction.  

As a measure of good prediction, we utilise the framework for R2 and RMSE proposed by Alexander et 

al.11 which states that models can be considered predictive if they have: 

3 High R2 (R2 > 0.6) on the test set  

4 Low RMSE 

Given that the value of RMSE depends on the scale of the predictions, for our best model we calculate 

RMSE and check if the RMSE is “low”. Given the RMSE is dependent on the scale of the endpoint value, 

setting thresholds for “low” is difficult. However, normalising the RMSE between the minimum and 

maximum values of our training set and assigning a threshold relative to this value. 0.1 (10%) has been 

used as a threshold for good for the normalised RMSE12. Given that our data roughly covers 2.6 log 

units (G′ = 3.2 to G′ = 5.8), we consider RMSE of 10% this range (0.3 or below) as “low”. We consider 

both R2 > 0.6 and RMSE < 0.3 as our thresholds for good. 

𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ (𝑦𝑖 − �̂�𝑖)2𝑛

𝑗=1                                               (3.1) 

𝑅2 =  
∑(𝑦−�̂�)2

∑(𝑦−�̅�)2                  (3.2) 
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We also subject any good models to a Y-Randomisation approach (see 1.10 - Y-randomisation) by 

generating 50 randomised models using the same modelling approach on shuffled data. We calculated 

the R2 and RMSE for each of these models and calculate the mean of their distribution. Calculation of 

a Z score (equation 3.3) allows us to calculate how many standard deviations away our true R2 (RMSE) 

are from the randomised mean R2 (RMSE) and gives an idea of our confidence as to whether the true 

model was drawn from the randomised model distribution or not.  

𝑍 =   
𝑥− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑥)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑥)
                               (3.3) 

Where x is the RMSE or R2 value and �̃� is the same metric for a randomised model.  

For our y-randomisation approach, 50 models are trained on shuffled data using the best performing 

modelling algorithm. Using these models, we predict on the test set and compare the average R2 and 

RMSE to the values obtained from the best model.   

3.2.7 Applicability domain 

 

For our applicability domain, we again carry out the range check approach on the descriptors used in 

Chapter 2 (see 2.2.9 – Applicability Domain). We compared the minimum and maximum values of the 

descriptors for each descriptor in the training set, plus the minimum and maximum values of the first 

10 principal components and compare the values of the test and validation set descriptors against 

these boundaries. If any descriptor falls outside of these bounds, the molecule is considered out-of-

domain  

3.2.8 Model Interpretation 

 

As with the classification models, we investigated model interpretation of any good model using both 

the caret::varImp() function which will utilise any built-in model interpretation metric, if it existed or 

defaulted to a ROC analysis if not and with the Shap game theory approach to investigate important 

molecular properties utilising the R wrapper (version 0.1.3) of the Python Shap package.13  
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3.3 Results and Discussion 

 

After the data splitting, we were left with 25 training sets to use for model building. For ease, we will 

refer to each set with a numeric identifier. For example, 1_1 is the first (of 5) training set, from the first 

repeat (of 5) and 2_3 is the third training set for the second repeat and so on.   

3.3.1 G′ Models   

3.3.1.1 BayesGLM 

3.3.1.1.1 Training Performance   

 

For the BayesGLM models, all 10 models for each of the 25 training sets produces the same model, i.e 

all performance metrics for the 10 models built on training set 1_1 have 0 variance. This leaves us with 

only 25 unique models and the performance of these models on the training set is summarised in 

Figure 3.7. 

Figures 3.7a and 3.7b give an overview of the general performance of all 250 models over the 25 

training sets. The plots are organised such that, for example, the R2 values for Repeat 2 Set 1 are the 

R2 values for the models learnt using training set 2_1 etc.  

Regardless of the train/test/validation split carried out, all models appear to perform similarly during 

training. All models are clearly above the 0.6 threshold for R2 on the training set with the highest R2 of 

0.80 (± 0.00) for the 5_2 and 5_3 datasets and the lowest R2 of 0.75 (± 0.00) for the 4_5 dataset 

highlighting the low variation in R2 values across the different training sets.  

As for the RMSE, these values are much closer to the threshold of 0.3 than the models were to the 

threshold for R2. The largest RMSE on the training set was for the 4_5 dataset showing that the 4_5 

dataset shows the worst performance during training. The smallest RMSE was 0.26 (± 0.00) for both 

the 5_3 and 4_1 datasets showing that the 5_3 performs best overall in training. The variance in the 

RMSE values is also low ranging from 0.26 (± 0.00) to 0.30 (± 0.00), highlighting that these models are 

potentially very similar.     

 



132 | P a g e  
 

Performance of the BayesGLM model on the training set in terms of R2 and RMSE 

 

 

 

 

Figure 3.7 a) R2 and b) RMSE of the 10 BayesGLM models learnt from each training set generated from the data 
splitting procedure 
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3.3.1.1.2 Test set performance  
 

The performance of any model is only knowable after exposing it to data points it has not yet seen. 

Figures 3.8a and 3.8b show equivalent plots as 3.7a and 3.7b but on each data split’s corresponding 

test set.  

When considering the R2 cut-off of 0.6, only three of the datasets produce BayesGLM modes that 

exceed that threshold, 3_2, 3_3 and 3_4. These models have R2 values of 0.68 (± 0.00), 0.78 (± 0.00) 

and 0.65 (± 0.00) respectively. However, for these datasets when considering the RMSE values for these 

3 datasets, none of them produce models with test RMSE below our 0.3 threshold. The 3_4 model has 

an RMSE value of 0.69 (± 0.00) which is very high and is thus considered to be a poor model. The 3_2 

models’ RMSE are 0.42 (± 0.00) and for 3_3 the value is 0.43 (± 0.00). Overall, even though these fail 

to meet our threshold, given their high R2 values they are exposed to the validation set to gauge 

whether they are useful models.  

3.3.1.1.3 Validation set performance  

 

As a final prediction, we exposed the models in repeat 3 to the validation set. It is worth remembering 

that for 3_2 and 3_3 the validation set is identical, so these predictions are a direct comparison of their 

predictive performance. Figures 3.9a and 3.9b show the performance of the repeat 3 set on the 

validation set which although close, fails to reach the R2 threshold in both cases. The R2 for the 3_2 

dataset is 0.54 (± 0.00) with an RMSE of 0.4. For the 3_3 dataset the values are 0.56 (± 0.00) and 0.58 

(± 0.00) respectively. Overall, we can conclude that these models fail to accurately model the G′ values 

of our dataset.  
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Performance of the BayesGLM model on the test set in terms of R2 and RMSE  

 

 

 

 

Figure 3.8a) R2 and b) RMSE of the 10 BayesGLM models on the test set from the test set generated with each training set. 
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Performance of the BayesGLM model on the validation set in terms of R2 and RMSE 

 

 

 

 

Figure 3.9: Performance of the 3_2 and 3_3 datasets on the validation set. 
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3.3.1.1.4 Best Performing Model  

 

Although neither the 3_2 or 3_3 models pass the threshold for good on either the test and validation 

set, all models should be inspected visually before conclusions about a model’s predictive performance 

can be drawn.14 Figure 3.10 shows a plot of the experimentally determined G′ values against the values 

predicted by the 3_2 BayesGLM model as it exhibits lower RMSE than the 3_3 model.  

The plot in Figure 3.10 confirms visually the idea that the model (model 1) fails to accurately model 

the G′ for the test and validation sets. We see generally visually poor prediction on the validation set 

which corroborates the low R2 of 0.54. Exploring more complex models may allow for models that can 

deduce more complicated relationships between the descriptors and G′.  

Experiment vs Prediction for the best BayesGLM model

 

Figure 3.10: Experimental vs Predicted plot of the 3_2 BayesGLM model (model 1) on the train, test and validation sets with lines of best fit 
for each dataset. 
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In Figure 3.10, the three largest outliers in the model are a validation, training, and test set points 

respectively. The validation set point, 4ClNapIF and test set point 6BrNapAV are both functionalised 

dipeptides. Given that 30 of the 45 training set molecules are also functionalised dipeptides, it would 

hint that the model should be trained in the chemical space of these molecules suggesting that poor 

predictive performance is driven by other factors. Surprisingly, we see a large residual on the 

training set point Stilbene-F. However, when investigating the nature of the molecules in the training 

set, Stilbene-F and CarbA are the only molecules in the training set that aren’t either functionalised 

dipeptides or tripeptides suggesting that they are too dissimilar to other molecules in the training 

set. 

3.3.1.2 k-Nearest Neighbours 

3.3.1.2.1 Training Performance  

 

Like in the BayesGLM models, there is very little variance within the 10 models for a particular training 

set in Figures 3.11a and 3.11b, although there is slightly more variance in both the R2 and RMSE. For 

the R2, overall the performance is good, with all models built having training R2 over 0.7. The lowest R2 

for the training set is 0.78 (± 0.02) for the 3_2 dataset and the highest is 0.99 (± 0.00) for the 4_1 and 

4_4 dataset. The R2 of 0.99 suggests that there could be an element of overfitting during training for 

these models, but this should be spotted in the test set performance for these models.  

In terms of RMSE, the 4_1 dataset is the smallest, with an RMSE of 0.066 (± 0.00) further indicating 

potential overfitting. The RMSE for the 4_1 model is 0.066 also further hinting at overfitting for these 

models too. The largest RMSE during training is 0.36 (± 0.02) for the 3_2 dataset meaning this model 

is performing worst in training across both R2 and RMSE. There are a range of datasets that fail to show 

an RMSE below 0.3 even during training. Overall, 1_1, 1_5, 2_4,3_2, 3_4 5_2 and 5_3 all have RMSE 

above 0.3 during training.  
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Performance of the kNN model on the training set in terms of R2 and RMSE 

 

Figure 3.11: Training set performance of our 25 training sets using a k-Nearest Neighbours model 
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3.3.1.2.2 Test Performance  

 

Performance of all models on the test set is shown in Figures 3.12a and 3.12b. For the R2, only 4 sets 

have models with values above 0.6, 1_2, 2_5, 3_2 and 4_4. For the RMSE, of these sets, 1_2 has an 

RMSE of 0.39 (± 0.00) which is slightly high but further investigation is warranted. 2_5 and 3_2 also 

have RMSE values 0.4 or below with 2_5 showing the best performance on the test set with R2 of 0.8 

(± 0.00) and RMSE of 0.25 (± 0.00). Therefore, we exposed, 1_2, 2_5 and 3_2 to the validation sets and 

assess their performance on another hold-out set.  

3.3.1.2.3 Validation Performance 

 

Performance of the 1_2, 2_5 and 3_2 datasets on the validation set can be seen in Figures 3.13a and 

3.13b. Unfortunately, the only set of models that show moderate performance on the validation set is 

the 3_2 dataset. For the 1_2 model, the RMSE of 0.48 (± 0.00) coupled with the R2 of 0.31 (± 0.00) 

suggests that performance is poor. For the 2_5 model the values are 0.55 (± 0.00) and 0.18 (± 0.00) 

respectively showing even worse performance. However, there are 2 models in the 3_2 dataset in 

particular that show promising performance. Both models are identical to each other and have R2 of 

0.63 and RMSE of 0.35. The RMSE is slightly above the threshold for good but close enough that visual 

inspection is warranted.  
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Performance of the kNN model on the test set in terms of R2 and RMSE  

 

 

Figure 3.12: Performance of the kNN model on the test set 
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Performance of the kNN model on the validation set in terms of R2 and RMSE  

 

 

 

 

Figure 3.13: Performance of the 1_2, 2_5 and 3_2 dataset kNN models on the validation set 
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3.3.1.2.4 Best Performing Model 

Visually, the performance of the kNN model (model 1) built using 3_2 shows overall good performance 

on the train, test and validation set (Figure 3.14) and is consistent with the good statistical performance 

we have found on all three sets. Interestingly, 3_2 has now been the best performing dataset for both 

the BayesGLM model and the k-Nearest Neighbours.  

Experiment vs Prediction for the best kNN model 

 

 

For the outliers in Figure 3.14, validation set point 4C1NapIF again features as a poorly predicted point 

further emphasizing the difficulties models have at predicting this molecule. The other two molecules 

with the highest residuals are the training set point 2NapVVV and the test set point 6MeONapFF.  

2NapVVV forms part of the 9 tripeptides that make up the 45 molecules in the training set. This 

suggests that the training set requires some balancing between dipeptides and tripeptides. 

Figure 3.14: Performance of the best 3_2 kNN model (model 1) on the training, test and validation sets with 
lines of best fit 
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3.3.1.3 PLS model  

3.3.1.3.1 Training Performance  

 

Next, we investigated the range of performances using a Partial Least squares model, a more complex 

model than the BayesGLM and kNN that we have already investigated. Figures 3.15a and 3.15b show 

a rather varied performance for R2 even on the training set. Although variation within the 10 repeats 

is small, the variation between training sets is rather large.  

Remarkably, we obtained a range of models that showed poor performance, in terms of R2, even on 

the training set – with some training set R2 dropping below 0.4. The worst performance during training 

in terms of R2 is found in the 4_4 dataset with an R2 of 0.41 (± 0.00). The RMSE of the 4_4 dataset is 

also large at 0.46 (± 0.00). The best performing model in terms of R2 is the 5_3 dataset which has R2 

values of 0.79 for all 10 repeats.  

In terms of RMSE, the best performing model is from the 5_3 dataset with an RMSE of 0.27 (± 0.00), 

confirming it as the best performer during training. The worst performing dataset is the 4_4 dataset 

with RMSE = 0.46 (± 0.00). The 4_4 dataset performs worst during training for both RMSE and R2. Of 

the models learnt using the 3_2 dataset, all models have good performance in training, with R2 of 0.75 

(± 0.01) and RMSE of 0.30 (± 0.01) continuing the good performance of this dataset.  
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Performance of the PLS model on the training set in terms of R2 and RMSE  

 

 

Figure 3.15: Performance of the training sets for the Partial Least Squares Models 
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3.3.1.3.2 Test Performance  

 

For the test set predictions, Figure 3.16 shows that a range of models pass our R2 threshold of 0.6 – or 

at least come close to it. In terms of R2, models built using 1_2, 1_4, 3_2, 3_3, and 3_4 all show R2 

values that are at least close to our 0.6 threshold. For the RMSE, the RMSE values for 1_2, 3_2, 3_3 

are relatively low at 0.41 (± 0.00), 0.41 (± 0.01) and 0.30 (± 0.02). The R2 of 0.8 (± 0.00) for the 3_3 

model coupled with the RMSE show that it performs best overall on the test set. We will consider the 

1_2, 3_2 and 3_3 datasets on the validation set. 

3.3.1.3.3 Validation Performance  

 

The performance of the 1_2 models on the validation set (Figure 3.17) is rather poor, with R2 of 0.37 

and RMSE of 0.43. We see comparably better performance on both the 3_2 and 3_3 datasets. For the 

3_2 dataset, the RMSE is 0.42 (± 0.01) which is slightly high given our threshold of 0.3. The R2 of 0.46 

(± 0.01) however is low meaning that this model is also poor. However, the performance of the 3_3 

dataset is promising with RMSE of 0.46 (± 0.01) being above our threshold but its high R2 of 0.67 (± 

0.00) meaning the 3_3 derived PLS models warrant closer inspection.  

 

 

 

 

 

 

 

 

 



146 | P a g e  
 

Performance of the PLS model on the test set in terms of R2 and RMSE 

 

 

Figure 3.16: Performance for all PLS model datasets on their test set. 
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Performance of the PLS model on the validation set in terms of R2 and RMSE  

 

 

Figure 3.17: Performance of the 1_2, 3_2 and 3_3 datasets on the validation set for the PLS models. 
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3.3.1.3.4 Best Performing Model  

 

The plot of the PLS model (Figure 3.18) based on dataset 3_3 R2 shows that although performance 

metrics indicate a potentially good model, the apparent curvature of points at high predicted G′ values 

suggest that model performance is likely to suffer in future prediction of points in this range. Overall, 

this model performs satisfactorily even with this caveat.  

Experiment vs Prediction for the best PLS model

 

 

 

 

Figure 3.18: Performance of the best 3_3 PLS model (model 4) on the training, test and validation sets with lines of 
best fit 
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For Figure 3.18, all three of the molecules with the highest residuals are dipeptides, two validation set 

points 6MeO2NapFI and FmocFF along with the training set point 1Br2NApVF are poorly predicted by 

the model. Given the weighting towards dipeptides in the training set, it is surprising that the model 

appears to perform poorly here. However, the two validation set points are the points at high log(G′) 

values where there is a low density of training set points in this range, causing the model to 

underpredict these values.  

3.3.1.4 SVM 

3.3.1.4.1 Training Performance 

 

Although performance so far had been adequate, there was definite room for improvement and so 

our datasets were used to learn SVM regression models. Here, like in the BayesGLM, kNN and PLS 

models we learn 10 SVM models to gauge an average performance for each training set. Figures 3.19a 

and 3.19b show the performance of the training set in terms of R2 and RMSE. The Figures presenting 

results previously were presented as stripplot as the zero variance within the 10 models built for a 

training set meant calculation of the density of these performance metrics was impossible. Given the 

variation in R2-and RMSE within the 10 models, the plots in Figures 3.19a and 3.19b are shown as a 

kernel density estimate for their distribution.  

Overall, training performance is again good with the lowest R2 in training of 0.92 (± 0.03) for dataset 

1_3 and the highest average training R2 of for dataset 1_4 of 0.98 (± 0.01). In terms of RMSE, dataset 

5_3 produces models with the lowest average RMSE at 0.11 (± 0.04) and dataset 2_5 produces models 

with the highest average RMSE at 0.18 (± 0.02). Overall, there is little variation in performance during 

training across the datasets both in terms of R2 and RMSE.  
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Performance of the SVM model on the training set in terms of R2 and RMSE  

Figure 3.19: Distribution of performance of each SVM model on the training set. The solid vertical line on a) is the threshold for R2 and in b) the 
threshold for RMSE. 
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3.3.1.4.2 Test Performance 

 

Given that there are no issues with training performance, all models were predicted on the test set 

and the results shown in Figures 3.20a and 3.20b. For our SVM models on the training set, only three 

of the datasets produce models with an average R2 above 0.6. These models are 5_1 with R2 of 0.79 (± 

0.02), 1_2 with R2 of 0.78 (± 0.01) and 4_4 whose R2 is 0.65 (± 0.06). Model 2_5 has an R2 of 0.59 (± 

0.05) making it borderline and its RMSE will be considered before determining whether the model is 

good by our thresholds.  

During training, 1_4 and 5_3 had the best performing R2 and RMSE respectively but their performing 

on the test set is poor. The average R2 for the datasets on the test set are 0.45 (± 0.02) and 0.41 (± 

0.12) respectively. Considering this and the RMSE of 0.55 (± 0.02) and 0.48 (± 0.03) for these datasets 

suggest that these models overfit on the training data.  

For the 1_2, 4_4 and 5_1 datasets that show good R2 on the training set, none have average RMSE 

below 0.3 but 5_1 and 1_2 in particular have average RMSE close to 0.3. The average RMSE for the 1_2 

dataset is 0.31 (± 0.00) and for the 5_1 dataset it is 0.30 (± 0.02). For the 4_4 dataset the RMSE is a 

little higher at 0.43 (± 0.03) meaning that it fails to meet the criteria for both R2 and RMSE. 

3.3.1.4.3 Validation Performance 

 

Of the 1_2 and 5_1 models that show promising performance on the test set, the 5_1 models perform 

much better on their validation set than 1_2 (shown in Figure 3.21). The average R2 for the 1_2 dataset 

was 0.31 (± 0.02) compared with 0.68 (± 0.04) for the 5_1 dataset. In terms of RMSE, 1_2 has an 

average RMSE of 0.46 (± 0.00) and 5_1 has an average RMSE of 0.28 (± 0.01). Overall, 5_1 shows 

improved performance in terms of R2 and RMSE over the 1_2 model and therefore we will visually 

inspect these models. 
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Performance of the SVM model on the test set in terms of R2 and RMSE  

Figure 3.20: Performance of all SVM models on their datasets test set. 
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Performance of the SVM model on the validation set in terms of R2 and RMSE  

 

 

 

 

 

 

 

Figure 3.21: Performance of the 1_2 and 5_1 datasets on their validation sets a) R2 and b) RMSE 
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3.3.1.4.4 Best Performing Models 

 

Of the 10 models for the 5_1 dataset, we select the model with the lowest RMSE for both the test and 

validation set (Model 4 out of 10). Visual inspection of the model shows that the good statistical R2 

and RMSE performance is real as the predictions across all three sets are centred around the diagonal 

line of perfect fit (dashed line in Figure 3.22). Overall, it appears that the SVM model has produced the 

best model overall thus far but there are still RF models which performed best overall in the 

classification work (chapter 2.3 – Results and Discussion).  

Experiment vs Prediction for the best SVM model 

 
 

 

CarbA, one of only two protein mimetics in the dataset, is considered one of the biggest outliers in 

Figure 3.22. The training set point, at low log(G′), performs poorly even as a training set point as it is 

not only in a region of log(G′) space with low density of molecules, it is dissimilar to the dipeptides and 

Figure 3.22: SVM Model 4 (out of 10 repeats) that shows the best R2 and RMSE performance with lines of best 
fit 
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tripeptides that constitute the rest of the dataset. The remaining molecules that constitute the top 3 

points with the highest residuals are validation set point 1Br2NapVF which is again in this low density 

region of log(G′) space and test set point 6BrNapAV. 6BrNapAV does appear to be a true outlier as the 

dipeptide class of molecules are well represented in the training set.   

 

3.3.1.5 RF Models 

3.3.1.5.1 Training Performance 

 

Having identified a good model using an SVM as well as models for the BayesGLM, kNN and PLS models 

attention turns to the RF model. Again, as in the SVM work the performance across the train, test and 

validation sets for R2 and RMSE are presented as kernel density estimates. Figures 3.23a and 3.23b 

show the performance during training across all of the datasets. It is worth pointing out in both Figures 

3.23a and 3.23b that in some cases, the variance in a performance metric for a dataset was 0 and this 

makes density estimation impossible. In these cases the data is presented below as a histogram. 

Again, training performance is good in terms of R2 and RMSE across the board. The highest average R2 

during training is 0.94 (± 0.00) for the 3_2 dataset and is lowest at 0.87 (± 0.02) for the 1_3 dataset. In 

terms of RMSE, it is lowest on average for the 1_1 dataset at 0.17 (± 0.00) and highest for the 5_4 

dataset at 0.25 (± 0.03). 
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Performance of the RF model on the training set in terms of R2 and RMSE  

Figure 3.23: Performance of the training sets during RF model training for a) R2 and b) RMSE 



157 | P a g e  
 

3.3.1.5.2 Test Performance 

 

Figures 3.24a and 3.24b show the performance of all models on their test sets. Considering the R2 of 

these models, 5 datasets are on average above the 0.6 threshold and 1 dataset is borderline. The 5 

datasets are 1_2, 1_4, 2_5, 3_2 and 5_1. Their average R2 values are 0.70 (± 0.01), 0.60 (± 0.02), 0.65 

(± 0.02), 0.64 (± 0.01) and 0.79 (± 0.02). The borderline dataset is 4_4 with an R2 average of 0.59 (± 

0.02) 

Of these 6 datasets, only 1_2, 2_5, 3_2 and 5_1 have average RMSE values around the threshold of 

0.3. Their RMSE average values are 0.35 (± 0.01), 0.33 (± 0.01), 0.36 (± 0.01) and 0.35 (± 0.01). Although 

they are all above our 0.3 threshold they are still close and thus are considered for validation set 

prediction.  

 

3.3.1.5.3 Validation Performance 
 

In Figures 3.25a and 3.25b, the results on the validation set for the 4 best performing datasets on their 

test set are shown. For R2 only the 5_1 dataset passes the threshold with R2 of 0.69 (± 0.02) with the 

next best dataset being the 3_2 dataset with an average R2 of 0.49 (± 0.02). For the 5_1 dataset, the 

average RMSE is 0.31 (± 0.01) slightly above the threshold but overall shows promising performance 

across test and validation sets.   
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Performance of the RF model on the test set in terms of R2 and RMSE  

Figure 3.24: Performance of the RF models on their test set in terms of a) R2 and b) RMSE 
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Performance of the RF model on the validation set in terms of R2 and RMSE 

 

 

 

 

Figure 3.25: Performance of the top datasets on the validation set. Left: R2 and Right: RMSE 
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3.3.1.5.4 Best Performing Model 

 

Visual inspection of the RF model built using the 5_1 dataset (Figure 3.26) confirms that this is a good 

model. We see less overfitting on the training set compared to the SVM model as the difference 

between the performance metrics (particularly the RMSE) is not as stark.  

 

Experiment vs Prediction for the best RF model 

 

 

Like in the SVM models, the RF model struggles to predict the validation set point 1Br2NapVF. 

Moreover, the test set point 4Cl1NapIF which struggled in the BayesGLM and kNN models is also an 

outlier here. Test set point 6MeONapFF is the final outlier in the RF model which was also present in 

the kNN model as an outlier.  

Figure 3.26: RF model (1 of 10) from the 5_1 dataset that shows the best performance across test and 
validation sets. 
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3.3.1.6 Overview of best performing models 

 

Table 3.2 summarises the results of the best models found throughout all modelling algorithms 

examined. We have found promising models for all algorithms searched, with the RF and SVM models 

performing best overall with the SVM performing slightly better.  

However, even though there are good models, we wish to investigate why some data splits result in 

good models and others do not. We hope to remove any doubt as to the predictive ability of the 

models and that there is a rational explanation to the performance measured and we haven’t found 

good models based purely on the split.  

 

Table 3.2: Summary of the best performing model for each algorithm investigated 

 

 

3.3.1.7 Applicability domain filtered performance. 

 

The performance of the best models is further investigated through the application of the applicability 

domain filter to both the test and validation sets (Figure 3.27a and 3.27b). For the BayesGLM and kNN 

models both built on the 3_2 dataset, applicability domain filtering on the 3_2 dataset reduces the 

test set from 10 molecules down to 6 and the validation set from 12 to 9 molecules. For the BayesGLM 

model, the performance of the in-domain test set is good with R2 = 0.86 and RMSE of 0.35 showing 

improvement on the full test set (R2 = 0.68 and RMSE = 0.42). For the validation set, the R2 is 0.76 and 

the RMSE is 0.27 both again showing improvement compared to the full validation set (R2 = 0.54 and 

RMSE = 0.40).  

  Train  Test  Val  

Algorithm Dataset R2 RMSE R2 RMSE R2 RMSE 

BayesGLM 3_2 0.77 0.28 0.68 0.42 0.54 0.40 

kNN 3_2 0.82 0.33 0.60 0.41 0.63 0.35 

PLS 3_3 0.72 0.30 0.65 0.50 0.62 0.34 

SVM 5_1 0.98 0.10 0.80 0.29 0.68 0.27 

RF 5_1 0.93 0.21 0.80 0.35 0.71 0.31 
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On the same 3_2 dataset, the kNN performance on the reduced test set is R2 = 0.73 and RMSE is 0.38 

compared with 0.60 and 0.41 for the full test set.  For the validation set, the R2 on the reduced set is 

0.59 and the RMSE = 0.28, again showing slightly improved performance in both test and validation.  

BayesGLM and kNN experiment vs prediction for the in-domain test and validation sets 

Figure 3.27: Performance of a) BayesGLM and b) kNN models on the range check in domain test and 
validation set. Both plots built on 3_2 dataset. 
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For the 3_3 dataset used to build the PLS model, of the 10 test points 2 are out of domain dropping 

the in-domain test set to 8 points and the validation set has 1 out of domain point reducing the set 

from 12 to 11 molecules. Figure 3.28 shows the performance of the PLS model on the in-domain test 

and validation set. For the test set most points are very well predicted but the single point with 

experimental G′ above 5.0 is predicted to have a G′ of 6.0 and is quite poorly predicted. Otherwise, the 

performance of the points is generally good with RMSE of 0.31 close to our threshold and high R2 of 

0.74. On the validation set shows slightly poorer prediction and this is reflected in the higher RMSE of 

0.41. The R2 for this set is still good however at 0.63. 

PLS experiment vs prediction for the in-domain test and validation sets

 

 

 

Figure 3.28: Performance of the PLS model on the in-domain test and validation sets. 
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The final dataset to apply an applicability domain filter to is the 5_1 dataset for the SVM and RF models. 

For this set, 3 of the test set are out of domain bringing this set down from 12 to 9 and a single point 

is out of domain for the validation set dropping the number of molecules from this set from 10 to 9.  

Performance on the in-domain test and validation sets (Figures 3.29a and 3.29b) is good for the SVM 

model with the RMSE below 0.3 for both the test and validation set (0.21 and 0.28 respectively). R2 is 

also high with R2 values of 0.89 and 0.67 for each set above our threshold and continuing the strong 

performance of the SVM model that was seen on the full test and validation sets. As for the RF model, 

again performance is strong in terms of R2 with values of 0.81 and 0.73 on the test and validation sets. 

Although the RMSE is not below the 0.3 threshold for the test (0.34) or validation (0.30) sets, the values 

are still low and the visual agreement between experiment and prediction is good, although the values 

at low G′ appear to be the worst predictions in the test and validation set.  
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SVM and RF experiment vs prediction for the in-domain test and validation sets  

 

 

Figure 3.29: Performance of the a) SVM and b) RF models on the in-domain test and validation sets 
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3.3.1.8 Y-randomisation validation on top performing models 

 

Table 3.3 shows the Z score and corresponding α value of confidence for the performance metrics on 

the in-domain test set. The α value represents our confidence interval and is the percentage 

confidence that our true model is not drawn from the same distribution as the random models.15  

From Table 3.3, the α (R2) and α (RMSE) for all models is generally high. The PLS model built on the 3_3 

dataset is the worst performer on the y-randomisation with 16.10% and 21.51% that the true model 

R2 and RMSE values are drawn from the same distribution than the y-randomised models. Compare 

this to the y-randomisation performance for the two best performing models the SVM and RF, which 

shows improved confidence for both R2 and RMSE.  

Again, the SVM and RF are the best performing models, this time by the α metric for both R2 and RMSE. 

The α values for the SVM model are 3.33% for the R2 and 0.01% for the RMSE giving good confidence 

that the true SVM model is drawn from the same distribution of models as the y-randomised models. 

This is also the case for the RF model which has α values of 0.17% for the R2 and 0.07% for the RMSE, 

giving this model high confidence that it also finds a real relationship between the descriptors and the 

G′ value. 

Table 3.3 : Y-randomisation results for the best model for each algorithm.  

 

 

 

 

 

 

 

 

Algorithm Dataset 
Z-Score 
(R2) 

α  
(R2) 

Z-Score 
(RMSE) 

α  
(RMSE) 

BayesGLM 3_2 1.82 3.41% 2.06 1.97% 

kNN 3_2 1.15 12.40% 2.14 1.61% 

PLS 3_3 0.99 16.10% 0.79 21.51% 

SVM 5_1 1.84 3.33% 5.64 0.01% 

RF 5_1 2.94 0.17% 3.18 0.07% 
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3.3.1.9 External Predictive Performance of Best Models 

 

Given that so many data splits have been carried out, as a final validation step, the best performing 

models are exposed to an external dataset to check that the models are generalizable and do not just 

capture their test and validation sets well. After the y-randomisation results, the PLS model from the 

3_3 dataset is the weakest of the models and will be excluded from the analysis.  

To investigate whether the models are generalizable and are truly predictive, through our collaborators 

(Professor Dave Adams’ group at the University of Glasgow) 10 new molecules were synthesised and 

their G′ values measured. The structures and corresponding G′ values can be found in Table 3.4. These 

molecules are 10 distinct molecules that are separate from the data set that were used to train, test 

and validate the models described above. 

The relationship between the external molecules and the train, test and validation sets for both the 

3_2 and 5_1 datasets can be viewed in the PCA plots of the entire dataset (using the same molecular 

descriptors used for model building) in Figures 3.30a and 3.30b. For the 3_2 dataset, the first two 

components capture 57% of the variance of the dataset and for the 5_1 dataset it is 55%. Both Figures 

3.30a and b show that, at least in the first two principal components, the external points are occupying 

the same region of space as the train, test and validation sets as no external points fall outside the 

minimum or maximum PCA1 or PCA2 loading of the training set suggesting that these new molecules 

aren’t too dissimilar to the datasets used to train the model.  

   

 

 

 

 

 

 



168 | P a g e  
 

 

Table 3.4: Molecules that form the external set provided with their experimentally derived G′ and G′′. The values in brackets are the log10(G′) and log10(G′′) respectively. Gel 7 highlighted in 
yellow is considered out of domain by both the 3_2 and 5_1 datasets. 

Gel Concentration 

(mg/mL) 

Structure G′ G′ error Gʺ Gʺ error 

1 –  Molecule 6  5.0 

 

41600 (4.62) 1670 7460 (3.87) 577 

2 – Molecule 15 5.0 

 

24500 (4.39) 941 4630 (3.67) 230 
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3 – 2NapVG 5.0 

 

18200 (4.26) 1040 3630 (3.59) 344 

4 -  

CF3PhFIF 
 

5.0 

 

25700 (4.41) 1800 2770 (3.44) 106 

5 -  

4ClNapLIF 
 

5.0  21800 (4.34) 1360 3150 (3.50) 182 

6 -  

CarbI 
 

5.0 

 

12300 (4.10) 983 454 (2.66) 39 
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7 -  

6MeONapA 
 

5.0 

 

3750 (3.57) 116 187 (2.27) 32 

8 - 

2NapFV 
 

5.0 

 

33600 (3.53) 4040 3460 (3.54) 326 

9 -  

FmocAG 
 

5.0 

 

5520 (3.74) 705 966 (2.98) 87 

10 -  

FmocFA 
 

5.0 

 

17200 (4.24) 2970 2590 (3.41) 621 



171 | P a g e  
 

PCA visualisations of the 3_2 and 5_1 with the external set of molecules 

Figure 3.30: a) PCA visualisation of the 3_2 dataset with the new external plots and b) PCA plot for the 5_1 dataset. 
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We predicted the G′ values for the best performing BayesGLM, kNN, SVM and RF models and the plot 

of the predictions agreement with experiment is shown in Figure 3.31a-d. From the plots in Figure 3.31 

no models show any visual agreement between experiment and prediction. In terms of R2 all models 

show low R2 at BayesGLM = 0.04, kNN = 0.00, RF = 0.00 and SVM = 0.04. Clearly all of these are well 

below the 0.6 threshold for our models.  

However, these models should not be discarded. RMSE values are admittedly very high for the 

BayesGLM and SVM (0.64 and 0.62) way above the 0.3 threshold used throughout this chapter. 

However, for the kNN and RF models, the RMSE values are much closer to the 0.3 threshold at 0.41 

and 0.49.  

Furthermore, the point highlighted in red is considered out-of-domain by all models (highlighted in 

Table 3.4) and so removing this point and re-calculating the RMSE on only in-domain points sees the 

RMSE improve from 0.41 to 0.36 for the kNN model and from 0.49 to 0.45 for the RF model. There is 

no obvious reason to state why this molecule is chemically different from any present in the training 

set.  

Although both are still above the threshold, the visual agreement and the presence of a single outlier 

which is significantly influencing the RMSE for the models. In terms of the RMSE, removal of this point 

improves the RMSE for the kNN from 0.36 to 0.23 and for the RF from 0.45 to 0.31 showing much 

better agreement.  

However, looking at the range of G′ values in the external set, there is not full coverage of the training 

G′ range due to lack of experimental time due to COVID-19. This is exacerbated at low G′ for the out-

of-domain point and the prediction outlier. However, with this caveat, we investigate the kNN and RF 

models due to their performance on the test and validation sets, and their interpretability to ascertain 

what is underpinning the model’s predictions.  
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Experiment vs prediction for each best model on the external set  

 

 

 

 

 

 

 

Figure 3.31a-d Performance of the bayesglm, kNN, RF and SVM models on the full external set. Point highlighted in red is considered out of 
domain (highlighted in yellow in table 4). The red line of best fit is the best fit for all 10 points.  
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3.3.1.10 Variable importance  

3.3.1.10.1 k-Nearest Neighbours  

 

Given the relatively good performance of our kNN model, we used a SHAP approach which considers 

coalitions of different descriptors and assesses the difference in the coalitions predicted value and the 

value predicted by the full descriptor set. The difference is then assigned to the members of the 

coalition and is averaged over numerous coalitions to give an idea of descriptor importance (see 

Chapter 1.11 – Model Interpretation). SHAP was used to investigate the molecular descriptors in the 

combined in-domain test and validation sets to ascertain which are important in generating our good 

predictions.  

The SHAP results are again presented as a beeswarm plot, where the descriptors are presented in 

order of their mean absolute SHAP value – meaning more important points are presented first 

regardless of whether this importance has a positive or negative influence on the prediction. Each 

point in a row of a beeswarm plot is a single molecule and is positioned along the x axis by the 

descriptor contribution for that molecule. Each point is coloured by the normalised value of the 

descriptor between 0 and 1.  

Given that we have molecules present in the dataset at 2.5, 5 and 10 mg/mL the beeswarm will be 

spliced into different concentration plots so that the comparisons are strictly between molecules at 

the same concentration. However, when considering the in-domain test and validation sets, as there 

are only 2 in-domain molecules at 10mg/mL which would make drawing conclusions here difficult. 

Therefore, only 2.5 and 5 mg/mL molecules are considered in the analysis. The beeswarm plot is shown 

in Figures 3.32a and 3.32b with the corresponding fragments shown highlighted in red on training set 

molecules in Figure 3.33.    

The most important fragment is the ECFC_4.717474525 ([*]:[cH]:[c]1:[cH]:[cH]:[cH]:[*]:[c]:1:[*]) 

fragment which corresponds to an aromatic substituted ring that maps to both naphthalene rings 

separately. Interestingly, the ring differentiates between substitutions on the benzene rings. If the 

naphthalene is functionalized, the bit is only set if the naphthalene is substituted on the non-terminal 

benzene ring. If the non-terminal benzene in the naphthalene is substituted para, then the ring is also 

not set. If the ring is substituted ortho then the bit is set to a count of 1 and if the ring is unsubstituted 

the bit is set to a count of 2.  
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Beeswarm plot of the SHAP importance for the kNN model 
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Figure 3.32: SHAP Beeswarm plots for the in-domain test and domain points a) molecules at 2.5 mg/mL and b) Molecules at 5 
mg/mL 
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Chemical depictions of the most important fingerprints 

1 – ECFC_4.717474525 2 – FCFC_4.-1908346267 

3 – ECFC_4.-1194163736 4 – ECFC_4.-1187934975 

5 – FCFC_4.-1161626344 

7 – FCFC_4.-545071985 

9 – ECFC_4.-2019199918 10 – FCFC_4.-548632217 

8 – ECFC_4.1207670460 

6 – FCFC_4.307419094 

Figure 3.33: Fragments in the top 10 most important kNN descriptors highlighted on a training set molecule. Note that the fragments are 
promiscuous and can be set by other similar fragments that are not shown here.  
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This implies that the G′ is generally predicted to be larger if the naphthalene is unsubstituted. 

Substitution of the naphthalene ring is used as a tool to increase the hydrophobicity of the molecule 

to improve gelation ability of molecules.16 Since the presence of halogens on the naphthalene are 

supposed to improve gelation by promoting self-assembly, it is surprising that SHAP assigns a negative 

attribution to the substituted fragment. However, this fragment isn’t fully characterizing naphthalene 

and so it may be other factors at play here.  

Moreover, in the top 10 the 6th (FCFC_4.307419094), 7th (FCFC_4.-545071985) and 9th (ECFC_4.-

2019199918) most important fragments are also naphthalene-based fragments. The 

FCFC_4.307419094 fragment ([*][c](:[*]):[c](:[cH]:[*]):[c](:[*]):[*]) shows no correlation with value but 

there are contradictory correlations with 7th and 9th. The 7th most important fragment FCFC_4.-

545071985 ([*][c]1:[*]:[cH]:[c]2:[cH]:[*]:[cH]:[cH]:[c]:2:[c]:1Br) is only set by ortho-substituted 

naphthalene and shows that this fragment again is causing a decrease in the predicted G′ as the 

presence of this fragment increases. However, the 9th most important fragment ECFC_4.-2019199918 

([*][c]1:[*]:[cH]:[c]2:[cH]:[*]:[cH]:[cH]:[c]:2:[cH]:1) shows the opposite trend and is set to 2 in our 

dataset by methoxy substitution on either ring and bromo substitution on the terminal naphthalene. 

The bit can also be set to 1 by the unsubstituted naphthalene.  

This suggests that the model is placing an increased preference on the bromo substitution with the 

SHAP analysis. Moreover, although the most important fragment (ECFC_4.717474525) is set by 

naphthalene – since it is set to 2 the fragment only describes each ring in naphthalene whereas the bit 

here (ECFC_4.-2019199918) sets unsubstituted naphthalene to 1 this fragment describes the 

naphthalene in full. Therefore, the relationship between SHAP value and fragment count follows what 

would be expected and has been posited by Adams et al.16 the fact that the bromo substituted 

naphthalene gel (Figure 3.34) exhibits a stiffer rheology than the non-bromo substituted version could 

be due to this hydrophobic effect.  This increase in rheology could also be driven by electron 

withdrawing groups stabilizing the π- π stacking17 and explains the preference for methoxy or bromo 

substitution over the unsubstituted naphthalene  

Figure 3.34: Functionalised naphthalene with bromo naphthalene substitution that shows stiffer mechanical properties than 
the non-brominated version. 
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The remaining fragments (except fragment 10 (FCFC_4.-548632217) which show no correlation with 

value) all contain phenylalanine fragments. In Chapter 2, the SHAP analysis investigated the 

importance to self-assembly the phenylalanine amino acid is (see Chapter 2. 2.3.2.7.2.1 RF Shap 

Importance). The 2nd, 3rd, 4th and 5th most important fragments in the kNN SHAP analysis can be 

mapped onto phenylalanine. However, the 2nd and 3rd fragments have a positive relationship and show 

that an increase in these fragments results in predictions of stiffer gels. For the 4th and 5th, the opposite 

trend is seen.  

The 2nd (FCFC_4.-1908346267 ([*]NC(=O)[C@H](C[c](:[*]):[*])NC(=[*])[*])) and 3rd (ECFC_4.-

1194163736 ([*]C[C@H](NC(=O)C[*])C(=[*])[*]) ) fragments are both set by phenylalanine with the 2nd 

fragment set by phenylalanine as the amino acid closest to the N-terminus and the 3rd fragment only 

set if that N-terminus is naphthalene. In both cases, the phenylalanine moiety shows an increase in 

SHAP attribution as the fragments increase in number. This can likely be attributed to the phenyl ring 

increasing hydrophobicity for increased self-assembly and for acting as a source of π- π stacking 

between molecules in the fibres, stabilizing the fibres that form.  

However, the 4th and 5th most important fragments, both also map onto phenylalanine but show 

negative correlation with the presence of this fragment. The 4th fragment (ECFC_4.-1187934975 

([*]C[C@H](NC(=O)C([*])[*])C(=[*])[*]) ) is only set if the phenylalanine is the amino acid at the c 

terminus and the 5th fragment (FCFC_4.-1161626344 ([*]C(=[*])N[C@@H](C[c](:[*]):[*])C(=O)O) ) is set 

by benzene rings on molecules not containing phenylalanine so attribution of this fragment to 

phenylalanine is not possible.  Fragment 4 does suggest that the position of the phenylalanine impacts 

the rheology of the gels.  

In fact, it has been shown that Boc-Phe-Aib-OH (Figure 3.35) forms a gel, but when the Phe is the 

terminal amino acid, Boc-Aib-Phe-OH, the molecule no longer gels18 suggesting that the position of 

the amino acids is important in governing their self-assembly and since the rheology of gels are 

determined by the macroscopic structures formed by the aggregates from self-assembly19, it is 

interesting that the model places a negative attribution to specifically terminal phenylalanine 

fragments.  

Figure 3.35: Boc-Phe-Aib-OH 
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3.3.1.10.2 Random Forest 

 

The beeswarm plot for the RF descriptors in Figure 3.36 shows the descriptor value trends in SHAP 

attribution with the fingerprints visualised in Figure 3.37. Of the 10 most important RF descriptors, the 

5th (ECFC_4.717474525 ([*]:[cH]:[c]1:[cH]:[cH]:[cH]:[*]:[c]:1:[*])) and 9th (FCFC_4.-548632217 

([*]C(=[*])O)) are also in the top 10 of the kNN model (at 1st and 10th respectively) and follow the same 

trends in the RF as they did in the kNN. 

The most important fragments in the RF model, FCFC_4.-1272768868 ([*]OCC(=[*])[*]) and ECFC_4.-

1059365320 ([*]O[*]) are both set by the methoxy linkers but the ECFC_4.-1059365320 fragment is 

also set by methoxy substitution on the naphthalene. Although there is no fragment value dependency 

on the methoxy linker it is known to be important for gelation. In a range of naphthalene analogues, 

using the methoxy acid linker was shown to form a gel whereas the simple alkyl linkers failed to form 

gels. Computational simulations show that the methoxy linker allows for a more planar arrangement 

of the molecule for self-assembly and can also participate in hydrogen bonding.20 The preference for 

the methoxy linker over an alkyl linker has also been shown in Fmoc gels.21 However, it should be noted 

that the importance is negative at 2.5 mg/mL and positive at 10 mg/mL. This is potentially the 

concentration scaled descriptors showing their effect on the prediction as the value for this fragment 

is smaller at low concentration as is the G′.  

As in the kNN model, fragments that can be set by phenylalanine (F) are again shown to be important 

by the model. The 3rd, 7th and 10th most important fragments can all be set by F. However, there are no 

obvious trends within this set as the in-domain validation set has these fragments all set to 1, but their 

continued importance is reassuring as it corroborates the experimental findings introduced in 3.3.1.9.1 

k-NN.  

 The remaining fragments in the top 10 are FCFC_4.136597326 ([*]C([*])C) (4th) and FCFC_4.-

1272798659 ([*]CCC[*]) (8th). The FCFC_4.136597326 (4th) fragment is set by alkyl R groups on amino 

acids such as valine, leucine, isoleucine and alanine. These fragments show a positive correlation 

between their number of times present in a molecule and the SHAP value which could be explained 

by the increased hydrophobicity that an increased number of these fragments can bring. What 

reinforces this idea, is that leucine has this bit set twice, isoleucine twice, valine twice and alanine once 

and the hydrophobicity increases from alanine to isoleucine. 
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Beeswarm plot of the SHAP importance for the RF model 
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Figure 3.36: Beeswarm plot for the most important RF descriptors. a) 2.5mg/mL b)5mg/mL and c) 
10mg/mL 
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Chemical depictions of the most important fingerprints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

1 – FCFC_4.-1272768868 2 – ECFC_4.-1059365320 

3 – FCFC_4.-1089420370 4 – FCFC_4.136597326 

5 – ECFC_4.717474525 7 – ECFC_4.1564392544 

8 – FCFC_4.-1272798659 9 – FCFC_4.-548632217 

10 – ECFC_4.1640927238 

Figure 3.37: Fragments for the important RF descriptors highlighted on a training set molecule. 
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FCFC_4.-1272798659 (8th) is set by leucine, isoleucine and cyclohexane. It is set once by the amino 

acids and twice by the cyclohexane. The negative correlation seen suggests that the cyclohexane has 

a negative impact on G′ as it generally is present in our molecules in place of one of the benzene rings 

in naphthalene meaning it does not facilitate π- π stacking and this is being picked up by our model. 

However, the negative impact of the leucine and isoleucine in our validation set contradicts the 

findings from the FCFC_4.136597326 (4th) fragment suggesting more investigation is required to the 

relationship between alkyl amino acids and G′. 

The final important fragment to be discussed is LogD which shows an increase in the G′ value as the 

LogD value increases. This lends more support to the FCFC_4.136597326 (4th) fragment conclusions 

that increased hydrophobicity increases self-assembly and ultimately G′. 

Across both the kNN and RF model interpretation trends are seen that generally corroborate 

experimental findings. It is seen that naphthalene, phenylalanine and hydrophobic amino acids (L, A, 

V and I) are thought of as important for the G′ model predictions. However, there are examples of 

contradictory findings in the kNN and RF model interpretation which calls into question how the model 

is making predictions.  

However, overall in this section, “good” quantitative models for G′ have been developed and validated 

and shown to be predictive. Given the good performance of these kNN and RF models, their datasets 

will be used to build models for G′′ in the following section.  
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3.3.2 G’’ model based on G’ model 

 

Given the good performance of the kNN and RF models on the dataset to predict G′, we use the same 

datasets to learn models for the loss modulus, G′, focusing on the 3_2 and 5_1 datasets due to their 

superior performance in the G′ work.  

3.3.2.1 kNN models 

3.3.2.1.1 Model Performance 
 

Although we learn 10 kNN models for the G′′ using the 3_2 dataset as before, all 10 produce identical 

models and as such we present only the results of the first one. Figure 3.38 shows the combined 

performance of the train, test and validation set as a single plot. R2 on the training set is good, giving 

an R2 of 0.71 coupled with an RMSE of 0.39 which is slightly high when compared to the scores in the 

training set of the G′ models (0.33) but the model performs suitably well in training to assess it on the 

test set.  

An R2 of 0.61 on the test set is greater than the 0.6 threshold we outline above and we can consider 

performance satisfactory thus far. The RMSE of the test set is 0.42 and is very similar to the 0.41 of the 

G′ test set. R2 is high on the validation set at 0.69 and the RMSE is low at 0.30. We get slightly better 

performance on the validation set than the test set, mirroring the G′ results. However, a visual 

inspection of the kNN model shows that the predictions deviate from the dashed line (the line of 

perfect agreement) and shows that it under predicts at high G′′ and over predicts at low G′′ 

The applicability domain filter results in the same test and validation set as the G′ set (as the 

descriptors are identical).  This results in 6 remaining test set points and 9 validation points (down from 

10 and 12). For the in-domain test set the R2 increases from 0.61 to 0.70 and the RMSE from 0.42 to 

0.37 (Figure 3.39). On the validation set, the scores improve from R2 of 0.69 to 0.72 and the RMSE from 

0.30 to 0.25, both indicating that the model performs well statistically on the in-domain test and 

validation sets.  

For the kNN model in Figure 3.38, two of the top three molecules with the highest residuals are training 

set molecules FmocLG and 2NapFF. These molecules are both at low log(G′′) space further emphasising 

the need for more molecules in the these regions to improve the robustness of the model. The final 

molecule is test set molecule 6MeONapFF which is again seen to be difficult to predict for G′′ which is 

not surprising  given the relationship between G′ and G′′.  
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Experiment vs prediction plot for the kNN G′′ model 

Experiment vs prediction plot for the in-domain test and validation set  

Figure 3.38: Performance of the kNN model on 3_2 dataset for G′′ for the training, test and validation sets 

Figure 3.39: Performance of the kNN model on the training and in domain test and validation sets. 
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3.2.2.1.2 External Performance 

 

Given the promising performance on the train, test and validation sets we expose the G′′ model to the 

external set to gauge if it is truly predictive. From the same external validation set used for G′ of 10 

molecules (Table 3.4). Of the 10 molecules, the same molecule is again considered out-of-domain and 

is highlighted in red in the Figure 3.40 below.   

Although, the R2 for this dataset is much lower than the 0.6 threshold at 0.06, we can see that visually 

the model predicts the majority of the points correctly, although the RMSE of 0.51 on the external set 

is high. When calculating the performance metrics on the 8 in-domain data points only the R2 improves 

to 0.25 and the RMSE to 0.31 – much closer to the 0.3 threshold.  

We can conclude that the model has shown sufficient ability to predict for us to consider the model 

good. A final Y-Randomisation check is carried out to add further evidence as to the predictive ability 

of our model  

Performance of the kNN G′′ model on the external set  

Figure 3.40: Performance of the kNN G′′ model on the external dataset. Out-of-domain point is 
highlighted here in red. The red line of best fit is the best fit for all 10 points.  
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3.3.2.1.3 Y-Randomisation  

 

Table 3.5 show the performance of the randomised models at predicting the in-domain test set in 

terms of the calculated Z score and the percentage confidence that the true kNN model is not drawn 

from the same distribution of models as the randomised model. The Z-scores and corresponding α 

values are very similar between the G′′ model here and the G′ values reported earlier. The confidence 

is slightly lower for our G′′ model for R2 14.41% here and 13.40% for the G′ model and for RMSE which 

is 2.03% here and 1.61% for G′. The RMSE values still give good confidence that the models are 

distinctly different and the true model is not drawn from the same distribution as the randomised 

ones.  

 

Table 3.5: Z-Score and confidence interval of the true model compared with the 50 y-randomised 
models. 

 

 

 

 

 

 

 

 

 

 

 

Model Dataset 
Z-Score 
(R2) 

α  
(R2) 

Z-Score 
(RMSE) 

α  
(RMSE) 

kNN 3_2 1.06 14.41% 2.05 2.03% 
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3.3.2.2 RF models  

3.3.2.2.1 Model Performance 

 

The 10 models learnt using the RF on the 5_1 dataset show some variance in their training set 

performance. R2 for all ten models on the test set are good, with all models showing R2 above our 0.6 

threshold and the average R2 is 0.91 (± 0.01). Moreover, the RMSE values for these models is below 

the threshold of 0.3. The G′′ average RMSE is 0.22 (± 0.01)  

On the test set, R2 is high at 0.69 (± 0.01), above the threshold we set. In terms of RMSE, the value is 

slightly high at 0.41 (± 0.01), showing similarity to the G′ performance. Performance is again good on 

the validation set, with high R2 above 0.7 (0.76 (± 0.01) and low RMSE below the 0.3 threshold (0.26 (± 

0.00)).  

Therefore, we take the best performing model in terms of the test and validation RMSE which is model 

3 (out of 10) as it has the lowest test and validation RMSE. Visual inspection of this model (Figure 3.41)  

Applicability domain filtering of the test and validation sets results in the same test set reduction (12 

to 9) and validation set (10 to 9) in the in-domain sets. For R2 on the test set, applicability domain 

filtering results in an increase in R2 from 0.71 to 0.75 but an increase in RMSE from 0.41 to 0.43. On 

the validation set, we find similar performance with R2 staying at 0.77 and RMSE at 0.26. Figure 3.42 

shows the performance of the training set and the in-domain test and validation set points as a 

comparison.  

As in the G′ RF model, the G′′ model struggles with 1Br2NapVF and 6MeONapFF. However, in the G′′ 

model, 3MeONapFF is also a large outlier in the test set. Given its similarity to 6MeONapFF it is 

unsurprising that the model will also struggle with this molecule.  
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Experiment vs prediction plot for the RF G′′ model  

 

 Experiment vs prediction plot for the in-domain test and validation set  

Figure 3.41: Performance of the third Random Forest model on the train, test and validation sets. 

Figure 3.42: Performance of the third Random Forest model on the training set and the in-domain test and validation sets. 
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3.3.2.2.3 Validation on external set.   
 

Performance of the random forest model on the external set is shown in Figure 3.43 with the out-of-

domain again highlighted in red. Overall, like in the G′ R2 is low at 0.09 and RMSE is relatively high at 

0.59 – much higher than the 0.3 threshold. When accounting for the out-of-domain point the RMSE 

improves to 0.45 a much more reasonable value and the R2 remains low at 0.08. Although statistically 

poor, given the results on the test, and validation sets coupled with the visual agreement shown in 

Figure 3.43 means that this model could still be a useful model.  

Performance of the RF G′′ model on the external set  

 

 

 

 

 

Figure 3.43: Performance of the Random Forest on the external set. Red line of best fit is the best fit for all 10 
points.  
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3.3.2.2.4 Y-Randomisation 

 

As a final check, a y-randomisation approach is again deployed as a validation tool. Table 3.6 shows 

the results of the y-randomisation approach and it becomes clear that the randomised models do a 

much worse job of predicting the in-domain test set than the true model in terms of both R2 and RMSE. 

The R2 confidence is 1.33% and the RMSE is 1.68% giving high confidence in both metrics that the true 

model is finding a relationship between the descriptors and G′′ and the relationship is not being found 

by chance.  

Table 3.6: Y-randomisation results for our Random Forest model on the in-domain dataset 

 

 

Overall, although performance could be improved for the RF model in terms of the RMSE on the 

external set, the model has still shown satisfactory performance across the different datasets and y-

randomised check to have confidence in the ability to predict the G′′ of dipeptide-based gels.  

Given that both the kNN and RF model show promising performance on G′′ the models are interpreted 

and comparisons are drawn between these models and their equivalent G′ models.  

3.3.2.1 Variable Importance  
 

The same approach is carried out here as in (3.3.1.9 - Variable importance) where the SHAP values are 

calculated on the joint in-domain test and validation sets. The importance is again presented as a 

beeswarm plot (Figure 3.44) with the fragments in the beeswarm plot presented after the beeswarm 

in Figure 3.45. 

3.3.2.2.1 k-Nearest Neighbours 

 

There is some overlap between the fragments thought important in the G′ kNN as well as here with 

the SHAP. Fragments ECFC_4.717474525 and FCFC_4.-1908346267 are both the 1st and 2nd most 

important fragment in the G′′ model just as they were in the G′ model. They also follow the same value 

dependence on SHAP with the SHAP attribution increasing as the value increases.  

Model Dataset 
Z-Score 
(R2) 

α  
(R2) 

Z-Score 
(RMSE) 

α  
(RMSE) 

RF 5_1 2.22 1.33% 2.13 1.68% 
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Of the remaining fragments that are present here as well as in the G′ kNN SHAP, FCFC_4.307419094 

([*][c](:[*]):[c](:[cH]:[*]):[c](:[*]):[*]) is 3rd here and 6th in the G′, ECFC_4.-1194163736 

([*]C[C@H](NC(=O)C[*])C(=[*])[*]) is 5th here and 3rd in G′ and ECFC_4.-1187934975 

([*]C[C@H](NC(=O)C([*])[*])C(=[*])[*]) is 8th here and 4th in the G′. Of these fragments only ECFC_4.-

1194163736 shows different value dependence, unlike in the G′ increased counts of this fragment also 

result in an increase in G′′. The relationship was explored in detail in section 3.3.1.9.1 – k Nearest 

Neighbours 

Although not present in the kNN SHAP, fragments ECFC_4.1564392544 

([*][c]1:[*]:[cH]:[cH]:[cH]:[cH]:1) and FCFC_4.-1272768868 ([*]OCC(=[*])[*]) are found in the RF G′ 

SHAP. ECFC_4.1564392544 is 6th here and 7th in the RF G′ and FCFC_4.-1272768868 is 10th here but is 

the most important descriptor in the RF SHAP. Neither show value dependence on the SHAP score 

which is consistent with what was found for the RF G′ SHAP. The relationship was explored in detail in 

section 3.3.1.9.2 – Random Forest 

In total there are 3 fragments here that have not been seen to be important previously and all three 

map onto naphthalene. FCFC_4.346218766 ([*]CO[c]1:[cH]:[cH]:[*]:[c](:[*]):[cH]:1) is the 3rd most 

important fragment and maps to the naphthalene with a methoxy linker – showing an increased SHAP 

when this fragment increases in number. This is consistent with the methoxy linker investigated in 

section 3.3.1.9.2 – Random Forest and further emphasizes the potential impact it has on the 

mechanical properties through the planarity it introduces.20  

FCFC_4.-105186863 ([*][c]1:[*]:[cH]:[cH]:[c]2:[cH]:[cH]:[*]:[cH]:[c]:1:2) is a purely naphthalene 

fragment and is the 7th most important here showing a modest increase in SHAP as the fragment 

increases in count. This could be attributed to the π- π stacking and hydrophobicity introduced by 

naphthalene being picked up by the model and assigned high importance.  

The final fragment is FCFC_4.-1977359400 ([*]C(=[*])CO[c](:[cH]:[*]):[c]([*]):[*]) which maps the 

naphthalene with the methoxy linker. The modest increase in the SHAP by the increase in the number 

of this fragment is consistent with the findings of the methoxy linker found in 3.3.1.9.2 – Random 

Forest. 

Overall, the findings for the G′′ SHAP for the kNN model are mostly in line with the findings discussed 

within 3.3.1.10 Variable Importance showing that the model is generally using similar fragments in its 

prediction of both G′ and G′′.  
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Beeswarm plot of the SHAP importance for the kNN G′′ model  

 

 

Figure 3.44: SHAP beeswarm plots for the 2.5 and 5 mg/mL molecules in the in-domain test and 
validation sets. 
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Chemical depictions of the most important fingerprints 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

8 – ECFC_4.-1187934975 

2 – FCFC_4.-1908346267 1 – ECFC_4.717474525 

6 – ECFC_4.1564392544 

3 – FCFC_4.346218766 

7 – FCFC_4.-105186863 

Figure 3.45: Fingerprint fragments in the top 10 of the kNN G′′ presented on a training set molecule. 

4 – FCFC_4.307419094 

5 – ECFC_4.-1194163736 

10 – FCFC_4.-1272768868 9 – FCFC_4.-1977359400 
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3.3.2.3.2 Random Forest 

 

Finally for this chapter, the SHAP importance for the descriptors used to build the G′′ Random 

Forest are calculated. Of the 10 fragments important for the G′′ RF model, 7 out of the 10 were 

also present in the top 10 for the G′ RF model. These are the top 5 fragments plus the 7th and 

9th fragment.  The relationship between the fragment value and the SHAP score are the same 

but the order is slightly different and shown in Figures 3.46 with the structure of the fragments 

shown in Figure 3.47. 

FCFC_4.-1272768868 ([*]OCC(=[*])[*]) and ECFC_4.-1059365320 ([*]O[*]) are 1st and 2nd respectively 

both in the G′ and G′′ SHAP. FCFC_4.-548632217 ([*]C(=[*])O) is 3rd here and 9th in the G′ SHAP. The 4th 

and 5th fragments here ECFC_4.717474525 ([*]:[cH]:[c]1:[cH]:[cH]:[cH]:[*]:[c]:1:[*]) and FCFC_4.-

1089420370 ([*]C[C@H](N[*])C(=O)NC([*])[*]) are 5th and 3rd respectively in the corresponding G′ 

work.  ECFC_4.1564392544 ([*][c]1:[*]:[cH]:[cH]:[cH]:[cH]:1) is 7th in both works and 

FCFC_4.136597326 ([*]C([*])C) is 9th here and 4th for G′ 

Of the three remaining fragments important in this set, one FCFC_4.-105186863 

([*][c]1:[*]:[cH]:[cH]:[c]2:[cH]:[cH]:[*]:[cH]:[c]:1:2) is found in the G′′ kNN model (6th here and 7th 

there) leaving only 2 completely new fragments.  

These fragments are ECFC_4..1559650422 ([*]C[*]) the 8th most important and FCFC_4.551279842 

([*]C[C@H](NC(=O)C[*])C(=[*])[*]) the 10th most important. Neither fragment possesses any 

fingerprint count dependence on the SHAP value and are thus rather uninformative.  

Overall, it is clear that the G′′ model is using the same fragments as the G′ model to make its prediction 

and the trends are the same in both models suggesting a degree of a relationship between G′ and G′′, 

since gels are viscoelastic and exhibit both elastic and viscous properties, this relationship is 

unsurprising.  
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Beeswarm plot of the SHAP importance for the RF G′′ model  

Figure 3.46: Beeswarm plot for the RF G′′ model for 2.5, 5 and 10 mg/mL 
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Chemical depictions of the most important fingerprints  

 

 

1 – FCFC_4.-1272768868 2 – ECFC_4.-1059365320 

3 – FCFC_4.-548632217 4 – ECFC_4.717474525 

5 – FCFC_4.-1089420370 6 – FCFC_4.-105186863 

7 – ECFC_4.1564392544 8 – ECFC_4..1559650422 

9 – FCFC_4.136597326 10 – FCFC_4.551279842 

Figure 3.47: SHAP important fragments for the G′′ RF Model highlighted on training set molecules 
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3.4 Conclusions  
 

In this chapter we have used our experimental dataset to build predictive models for both the 

storage (G′) and loss modulus (G′′). Through an extensive splitting procedure, we found 

models that showed promising performance for G′ for all 5 of our modelling algorithms 

investigated (BayesGLM, kNN, PLS, RF and SVM). However, we were mindful that due to our 

splitting approach, chance correlations were a potential problem. To combat this, we exposed 

our models to an external dataset and carried out a y-randomisation check. In both cases, the 

kNN model built on dataset 3_2 and the RF built on 5_1 showed good external predictive 

performance for G′. Owing to their good G′ performance, both datasets were used to build 

models for G′′, showing similarly good performance during training, testing and validation.  

However, due to time-restraints in our collaborator’s lab, we have been unable to assess the 

G′/G′′ models over a suitable range of values meaning that although we are confident 

performance is good, complete validation will have to be carried out in the future. All models 

have been interpreted and the importance values shown have been rationalised.  
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3.6 Appendix 

3.6.1 Dataset 
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LMWG Concentration 

(mg/mL) 

G′ G′ 

error 

Gʺ Gʺ 

error 

1Br2NapFF 2.5 9160 1520 778 156 

1Br2NapFF 5 49200 5620 4630 321 

1Br2NapFF 10 162000 8430 16900 762 

1NapFF 2.5 17800 7450 2110 784 

1NapFF 5 56700 4230 7400 187 

1NapFF 10 122000 21800 19700 4580 

FmocFF 2.5 34100 4940 2260 453 

FmocFF 5 38500 3920 3510 377 

FmocFF 10 152000 13700 15300 1620 

3MeO2NapFF 2.5 23300 9900 1590 621 

3MeO2NapFF 5 28500 15800 1950 920 

3MeO2NapFF 10 79800 43100 5360 3070 

6MeO2NapFF 2.5 3970 501 480 44 

6MeO2NapFF 5 37100 31900 4920 4410 

6MeO2NapFF 10 89200 32300 12500 3300 

1ArFF 2.5 19000 9110 1570 790 

1ArFF 5 18400 2280 2600 353 

1ArFF 10 44000 3130 6440 1200 

6Br2NapAV 2.5 7130 511 1090 34 

6Br2NapAV 5 92900 35100 12400 4270 

6Br2NapAV 10 193000 22400 28700 4780 

2NapFF 2.5 19100 3640 7850 6890 

2NapFF 5 40400 6470 11700 1440 

2NapFF 10 171000 4500 53000 3710 
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FmocLG 2.5 60200 13600 5930 739 

FmocLG 5 120000 28700 18800 1920 

FmocLG 10 224000 49000 41700 6800 

BocFW 2.5 14000 1420 1540 378 

BocFW 5 49400 8110 5140 685 

BocFW 10 159000 25100 12800 617 

Stilbene-F 2.5 1620 76 193 11.7 

Stilbene-F 5 5900 268 717 34.9 

Stilbene-F 10 22700 1640 2290 116 

CoumarinFF 2.5 10500 388 1640 61.2 

1NapFL 2.5 34500 9900 2460 739 

1NapFL 5 71200 16100 6530 1420 

1NapFL 10 202000 74500 24200 9160 

1Br2NapFV 2.5 43500 22800 3970 1540 

1Br2NapFV 5 53300 8960 8100 615 

1Br2NapFV 10 228000 69700 28600 4780 

2NapVVV 2.5 80600 17500 4930 2690 

2NapVVV 5 275000 110000 13000 4180 

2NapVVV 10 580000 115000 42400 3030 

1Br2NapVG 2.5 63100 51700 4680 2320 

1Br2NapVG 5 66300 25300 12200 2510 

1Br2NapVG 10 207000 62100 40700 2390 

CarbA 2.5 1940 147 244 18.2 

CarbA 5 5410 639 819 126 

CarbA 10 20800 2000 3940 380 

1Br2NapVF 2.5 2690 51.7 386 23.2 

1Br2NapVF 5 21100 2070 3380 364 

1Br2NapVF 10 80400 12700 11500 2420 

4Cl1NapIF 2.5 3940 331 522 27.8 

4Cl1NapIF 5 14400 2290 1830 331 
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4Cl1NapIF 10 196000 9820 18100 1830 

6MeO2NapFI 2.5 7320 2320 1010 272 

6MeO2NapFI 5 32700 4760 4830 852 

6MeO2NapFI 10 98700 2810 11400 920 

7MeONapIF 2.5 10700 1430 2070 266 

7MeONapIF 5 27400 1200 4540 303 

7MeONapIF 10 83800 2570 11400 1010 

BrNapAVL 2.5 9230 1390 1700 263 

BrNapAVL 5 18600 1630 2730 420 

BrNapAVL 10 17200 1650 2080 268 

BrNapLFF 2.5 3300 275 384 51.6 

BrNapLFF 5 5550 273 830 96.3 

BrNapLFF 10 18800 1960 2470 440 
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Models 
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4.1 Introduction 
 

In chapter 3, promising models for both the G′ and G′′ have been presented using both a k-Nearest 

Neighbours and Random Forest algorithm. However, when presenting the results of a QSAR model, 

they are typically presented as a single value (the prediction). This in turn assumes a great deal of 

certainty in that prediction – attributing all the information contained within the descriptors to a single 

value. Also, when building models on datasets that are small, since there are fewer molecules present 

to generate the model, it is often more difficult to have a high degree of certainty in a single value. 

Therefore, using modelling approaches that can capture any uncertainty in the predicted value is more 

informative for any future deployment of the model.  

4.1.1 Uncertainty and Probability  

 

Uncertainty is a measure of our lack of knowledge about an event or random variable and we can 

express the range of our belief in a value as a probability. Probabilities are the likelihood of events 

occurring or of a random variable’s potential values. They must be positive and the total area under 

the probability density for a continuous variable must be 1.1 For a particular random variable, the 

probability of that variable possessing a range of values is given by the area under the probability 

density curve between those two values. It then follows that the probability of a continuous variable 

assuming a single value is zero and as such, when we present weights in a neural network or a 

predicted value as a single value – the probability that the prediction takes that value is zero and this 

is where probability distributions can represent our uncertainty in predictions.  

4.1.2 Conditional Probability 

 

The probability of two events A and B occurring (A ∩ B) is given by the probability of A, P(A), and the 

conditional probability of B given that A has occurred P(B|A).  The conditional probability of A given 

that B has occurred is P (A|B).1 It follows that this can also be expressed as P(B) and the P(A|B),  

𝑃(𝐴 ∩ B) =  𝑃(𝐵 |𝐴) ∗  𝑃(𝐴) 

𝑃(𝐵 ∩ A) = 𝑃(𝐴|𝐵) ∗ 𝑃(𝐵) 

 These two terms are equivalent and can be set equal 

𝑃(𝐴|𝐵) ∗ 𝑃(𝐵) =  𝑃(𝐵 |𝐴) ∗  𝑃(𝐴)  
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Which can be rearranged to give:  

 𝑃(𝐵 |𝐴) =  
𝑃(𝐴|𝐵) ∗ 𝑃(𝐵)

𝑃(𝐴)
 

Which is formally known as Bayes Theorem.2  

4.1.3 Bayes theorem  
 

Bayes theorem relies on the idea of updating your belief of an event based on the available evidence. 

It is made up of the prior P(B), our belief about B before we see any evidence. P(A|B), the likelihood or 

the evidence. P(B|A) is the posterior, the updated belief about B given that A has occurred. P(A) is a 

normalising factor to ensure that the probabilities integrate to 1.3  

Although the prior and evidence are well defined in most instances, direct calculation of the posterior 

distribution is tricky due to the marginal likelihood P(A) term. If we apply Bayes theorem in a QSAR 

setting, we can re-write Bayes theorem as  

𝑃(𝑦 |𝑋) =  
𝑃(𝑋|𝑦) ∗ 𝑃(𝑦)

𝑃(𝑋)
 

Where X is our n-dimensional descriptor set and y is an endpoint of interest. The P(X) term is the 

probability of X for all possible values of y and calculating this term is computationally intensive as it 

involves multi-dimensional integration. Since this term is a normalising factor, we can define our 

posterior distribution up to a constant  

  

 𝑃(𝐵 |𝐴) ∝  𝑃(𝐴|𝐵) ∗ 𝑃(𝐵) 

Uncertainty has been captured in QSAR models in the form of Bayesian machine learning. Williams et 

al.4 created a Bayesian QSAR model for the prediction of drug induced liver injury (DILI). Here they use 

96 drugs to build a log-odds regression model to predict a severity of the DILI between 0 and 1. The 

model then decides, from the data, thresholds for the DILI as low, medium and high severity. The model 

presents the DILI as a distribution between 0 and 1 and the posterior median is used to classify based 

on the thresholds. The model has a balanced accuracy of 86% during training and their model has been 

deployed within AstraZeneca since 2017 and would have flagged a melanin concentrating hormone 

receptor 1 antagonist, AZD197 (Figure 4.1), which showed liver safety biomarker elevation in human 

trials. 
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Hung et al.5 use Bayesian neural networks for the prediction of the mutagenicity of a molecule. Here 

they use the graph-based representation of the molecule to build a convolutional neural network to 

classify a molecule as a mutagen or non-mutagen. During training, the model possesses an accuracy 

of 0.84 and upon application of the model to an external test set, the accuracy remains high at 0.84. 

Other metrics such as the ROC area under the curve also show good performance in both training and 

testing.  

Another example of a Bayesian neural network is within the field of organic photovoltaics. Meftahi et 

al.6 built a Bayesian regularised artificial neural network to predict the percentage conversion 

efficiency, the short circuit current and the open circuit voltage for the organic photovoltaics. These 

models exhibit high R2 for the PCE in particular of 0.72 on the training set (280 molecules) and 0.78 for 

the test set (70 molecules). Moreover, the application of the Naïve Bayes model introduced in Chapter 

1 (1.6.3 Naïve Bayes) are further examples of Bayes theorem in QSAR.  

However, although the full Bayes theorem cannot be calculated in closed form, many methods have 

been developed to take samples from the true posterior distribution without having to calculate it.  

 

 

 

 

Figure 4.1: AZD 1979 which showed increased liver safety biomarkers in the work by Williams et al4 
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4.1.4 Posterior sampling  

4.1.4.1 MCMC Methods  

 

The most common methods used to sample from incalculable posterior distributions are a class of 

methods called Markov Chain Monte Carlo (MCMC) methods. A Monte Carlo simulation is a 

computational algorithm that relies on repeated independent random sampling from a distribution.7 

A series of samples from a distribution are a Markov chain only if the next sample depends completely 

on the current sample and any previous samples bare no importance in choosing the next sample.8  

4.1.4.2 Metropolis Hastings  

 

An example of a MCMC method used for Bayesian inference of the posterior is the Metropolis-Hastings 

(MH) algorithm. In MH, a surrogate probability distribution is used to draw samples from and samples 

from this distribution are accepted or rejected as representative samples from the true distribution 

with respect to an acceptance criterion.9  

As an example, say we have our true posterior distribution p(x|data) that we cannot directly sample 

from and so we define our surrogate distribution q. We carry out a MCMC sample from q, starting from 

a previous sample, x and accept this new sample, y, from q, with acceptance ratio, r: 

𝑟 =  
𝑝(𝑦|𝑑𝑎𝑡𝑎)𝑞(𝑥|𝑦)

𝑝(𝑥|𝑑𝑎𝑡𝑎)𝑞(𝑦|𝑥)
 

Since we know the distribution q(x) and q(y) – the only unknown is p, the posterior distribution. We 

can substitute the RHS of Bayes theorem into the equation and write the ratio fully as 

𝑟 =  

𝑝(𝑑𝑎𝑡𝑎|𝑦)𝑝(𝑦)
𝑝(𝑑𝑎𝑡𝑎) 𝑞(𝑥|𝑦)

𝑝(𝑑𝑎𝑡𝑎|𝑥)𝑝(𝑥)
𝑝(𝑑𝑎𝑡𝑎) 𝑞(𝑦|𝑥)

 

We can see in the ratio, the intractable calculation p(data) cancels and therefore we can sample from 

the true posterior distribution from the likelihood and prior only.  

𝑟 =  
𝑝(𝑑𝑎𝑡𝑎|𝑦)𝑝(𝑦)𝑞(𝑥|𝑦)

𝑝(𝑑𝑎𝑡𝑎|𝑥)𝑝(𝑥)𝑞(𝑦|𝑥)
 

We accept our sample y from q with probability  

𝑎 = min (1, 𝑟) 
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And begin the next sample from the accepted sample y. However, other acceptance cut offs can be 

used such as if r > Udraw where Udraw is a draw from a uniform distribution 𝑈(0,1) to ensure that the 

sampling doesn’t get stuck in a local maximum and efficiently samples the entire posterior space. 

Figure 4.2 shows examples of a MH sample to simulate a normal distribution with mean 0 and standard 

deviation 1. As you can see, even after only 500 samples the algorithm does a good job at generating 

a normal distribution. The mean of the samples is -0.17 with a standard deviation of 0.79 which is close 

to the 0 and 1 of the true distribution. However, increasing the number of samples to 1000 results in 

increased performance as the mean becomes -0.03 with a standard deviation of 1.04, much closer to 

the true distribution.  

Figure 4.2: a) Distribution of 500 samples, x, from the MH sampling of a Normal distribution, N(0,1) and b) 1000 samples  
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Once able to sample from the posterior, Bayesian inference allows for the generation of posterior 

samples that can be presented as a distribution. For example, in a Bayesian neural network (see 1.6.4 

Neural Networks), we can set a prior probability distribution on the value of the weights in the hidden 

layer. Carrying out Bayesian inference when subjecting the neural network to our data will give a 

posterior distribution for the weights which when sampled will give a prediction distribution for each 

prediction, derived from a different draw from the posterior distribution of the weights.  

When dealing with Bayesian models, comparing predictions to known values leaves decisions to the 

modeller on how best to present the distribution of predicted values. Although it is always best to 

present the entire distribution of a prediction, estimates of the posterior are required to point-wise 

compare our predictions to known values. Common approaches include, taking the mean of the 

distribution, the mode of the distribution (the maximum a posteriori) or the median. However, care 

needs to be taken as a single value will not describe the nature of the distribution and the distribution 

should always be explored.  

4.1.5 Bayesian Models 

 

Bayesian adaptations to popular algorithms introduced in Chapter 1 have been successfully used to 

measure prediction uncertainty. Bayesian neural networks have successfully been deployed in varying 

fields such as load forecasting for energy grid management10, repeat purchases modelling in a 

marketing setting11 and predicting car crashes.12 

4.1.5.1 Bayesian Additive Regression Trees 

 

As tree-based machine learning algorithms are so popular, a Bayesian decision tree methodology such 

as a Bayesian Additive Regression Tree (BART) is an attractive proposition. A BART model is an additive 

regression tree where each tree works in an additive fashion to each explain small sections of the 

data.13 BART can be presented as sum of trees model (Equation 4.1) 

𝑌 = 𝑔(𝑥; 𝑇, 𝑀) + 𝑒     (4.1) 

Where T is the set of regression trees and M the set of node parameters and x the data.   

To prevent overfitting, the trees are kept shallow so that no tree is too influential in the prediction. 

This is where the model is Bayesian. A prior distribution is set on the depth of the trees such that the 

highest probability is given to trees of 2 to 3 nodes depth. It is worth noting however, that the trees 
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can grow as long as they desire as long as the data requires it. The trees are grown iteratively, sampling 

from the posterior distribution using a modified MH approach that proceeds as follows.  

In a BART model for 500 iterations of 5 trees, initiate empty nodes. Sequentially, starting with the first 

tree, draw from a uniform distribution both a feature and feature value. Carry out the split and then 

draw from the node parameters the value to be assigned to that node. The Y value for the next tree in 

the same iteration is set to the residual of the data not explained by the first tree so that each tree 

attempts to explain part of the unexplained data. At each step, the tree can be grown, pruned, the 

decision rule change or the split direction altered, all with predetermined probability. This is shown in 

Figure 4.3 

The updated tree is then accepted or rejected with respect to a transition ratio (RT) based on the ratio 

of the probabilities of the updated tree and the previous tree. This ratio is compared to a draw from a 

uniform distribution U(0,1) and if RT is greater than the draw from U, the change is accepted.   

Sampling from a distribution requires a burn-in period to calibrate the samples with the true 

distribution.  The burn-in period is the name referred to samples at the very start of the sampling 

process that are discarded from the set of final samples but are used to allow the sampling procedure 

time to find samples in the correct distribution.14 At the end of each iteration after the burn-in period, 

a prediction is made for a data point from the sum of the individual decision trees. The result would 

be 500 predictions for each data point which are the predictions from the trees as they existed at the 

end of each iteration. Bayesian additive models have been successfully used in predicting phenotypes 

based upon genotypes15, in credit risk modelling16 and in individual treatment regimens in 

personalised medicine.17  

The BART model has also been deployed in QSAR and has been assessed in its ability to produce QSAR 

models for the activity values in a range of molecular datasets. These datasets include the CYP450 

inhibition activity, LogD values and binding to angiotensin-II receptor datasets.18  Feng et al. use 30 of 

the datasets described in [18] to build QSAR models and compared their performance to RF and 

XGBoost (another form of decision tree model). They find that the BART model performs on average 

better than the RF in terms of the R2 between the experiment and prediction on the test sets.  BART 

has also been used to classify molecules as tyrosine kinase inhibitors and showed comparable 

performance to RF, SVM and C5.0 in terms of the balanced accuracy.19 
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Figure 4.3: An example of the iterative tree building during sampling for a BART model. Figure adapted from Tan and Roy20 
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4.1.6 Chapter Overview 
 

In this chapter, we will present Bayesian regression models using the dataset with the best 

performance in Chapter 3. Since we have trained our rheology models using a small dataset, any 

certainty in the point predictions returned by the kNN or RF models is small and as such, we believe it 

would be informative to highlight this uncertainty using a Bayesian approach.  

We used a Bayesian Additive Regression Tree (BART) model in Python and compared its performance 

to our previous RF models. This is to ensure that the performance is comparable to the models 

presented in chapter 3 and the RF model was chosen as it is also a decision tree based approach. We 

investigate the posterior distributions of our predictions and compare the model interpretation to 

investigate any commonality between the non-Bayesian RF models and the BART model. 

4.2 Experimental 

4.2.1 Dataset 

 

Given that the BART model is a decision tree-based model, it is much more directly comparable to the 

Random Forest models from Chapter 3 and therefore, we have decided to utilise the same 5_1 dataset 

that was used to build the RF models in the previous chapter (see Chapter 3: 3.3.1.5.4 Best Performing 

Model) to build the BART models presented here. Although multiple datasets were created in chapter 

3, time constraints meant that there was only time to investigate one dataset. Therefore, 5_1 was 

chosen as it performed best overall on the RF models built in chapter 3.   

4.2.2 Descriptors  

 

We attempted to mirror the descriptors used in chapter 3 as closely as possible. However, these models 

were built in Python, meaning we therefore used RDKit for the majority of our descriptor calculations. 

We calculated AlogP, Number of Rings and the ECFP and FCFP binary fingerprints with radius 2 (radius 

= 2 is synonymous with the radius = 4 from Pipeline Pilot calculated in earlier chapters) and converted 

them to a 2048 bit string. Molecular solubility was calculated using the RDKit implementation of 

Delaney’s ESOL.21  
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4.2.3 Processing  

 

Since the dataset has been used for model building previously, each molecule already contained a 

train, test or validation label. Therefore, Pandas22 (version 1.1.3) was used to split the dataset into 

train, test and validation based on the pre-assigned label. After splitting, the training set was processed 

to remove descriptors with less than 5% variance using the sklearn23 (version 0.23.2) 

VarianceThreshold() function and remove all descriptors that were heavily correlated (r > 0.9) with 

other descriptors in the dataset. The test and validation set files were curated to match the descriptors 

remaining in the training set after processing. All datasets were centred and scaled with respect to the 

training set using the StandardScaler() module in sklearn.  

4.2.4 Model Building  

 

BART model building was carried out for both G′ and G′′ using the PyMC3 (version 3.11.4) package in 

Python using the default hyperparameters for the BART implementation (Figure 4.4) – except for the 

number of trees which was reduced to 50 trees due to the relatively small size of the dataset. We 

model the endpoint (log(G′) or log(G′′)), y, as a Normal distribution with mean, µ, and standard 

deviation, σ. µ is the predicted value from the sum of the additive regression trees from our BART 

model of 50 trees, and the standard deviation, σ, of the predicted y value is initialised as a HalfNormal 

distribution with mean σ and standard deviation of 1. Sampling from σ is done via a No-U-Turn sampler 

(NUTS) from PyMC3 and sampling from µ is through the PyMC3 PGBART sampler. Each sampling 

procedure is carried out twice resulting in two sampling chains and each are run for 2000 samples.  

 

 

Figure 4.4: Schematic overview of the BART model 
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4.2.5 Model Validation  

 

We validate the convergence of the sampling to the true posterior distribution for both the µ and σ 

using a trace plot from the Arviz package24 in python. We assess the ability of the models to correctly 

predict G′ (G′′) by comparing the mean of the y distribution with the experimental G′ (G′′) values. 

Model performance is quantified using the same RMSE (Equation 4.2) and R2 (Equation 4.3) thresholds 

from Alexander et al.25 as chapter 3 which states that models can be considered predictive if they have: 

• High R2 (R2 > 0.6) on the test set  

• Low RMSE 

Given that the value of RMSE depends on the scale of the predictions, for our best model we calculate 

RMSE and check if the RMSE is low. Given that our data roughly covers 2.6 log units (G′ = 3.2 to G′ = 

5.8), we consider RMSE of 10% this range (0.3 or below) as low. This is the same validation criteria 

used in chapter 3 (see 3.2.6 Model Validation) 

                                                    𝑅𝑀𝑆𝐸 =  √
1

𝑛
∑ (𝑦𝑖 − �̂�𝑖)2𝑛

𝑗=1                                                      (4.2) 

                                                                                 𝑅2 =  
∑(𝑦−�̂�)2

∑(𝑦−�̅�)2                                                                   (4.3) 

Again, we use the same Y-Randomisation approach introduced earlier where we built 50 models on 

data with a shuffled log(G′) (log(G′′)) value and assess the difference in model performance metric 

significance through calculation of the Z score (Equation 4.4) and comparing the Z score calculated 

with the threshold values for various significance values. 

                                                                     𝑍 =   
𝑥− 𝑎𝑣𝑒𝑟𝑎𝑔𝑒(𝑥)

𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑 𝑑𝑒𝑣𝑖𝑎𝑡𝑖𝑜𝑛(𝑥)
                                                         (4.4) 

Where x is the RMSE or R2 value and �̃� is the same metric for a randomised model.  
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4.2.6 Applicability Domain 

 

The applicability domain of our Bayesian models is assessed through the descriptor range checking 

approach again in terms of the descriptor values and the loadings of the first 10 principal components 

for the training set (see 2.2.9 Applicability domain).  

4.2.7 Model Interpretation 

 

We calculate the same SHAP values for our BART model using the Shap package in Python (version 

0.40.0) and compare the trends in descriptor importance with the results found for our RF model in 

chapter 3 (see 3.3.10.2 Random Forest).  
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4.3 Results and Discussion  

4.3.1 G’ BART model 

4.3.1.1 Sampling Traceplot 

Figure 4.5 shows the traceplot of the sampling from the BART µ and σ distributions. The traceplot 

contains four components each given a pane in Figure 4.5 and for each pane there are two plots for 

each parameter value (easily seen in the bottom left pane) which is due to the fact that we carry out 

the sampling using two chains. The left pane for both µ and σ is a density plot of all samples taken 

from the posterior distribution for each parameter and the right pane for both is a plot showing the 

value sampled (on the y axis) against the sample number from the 1st sample drawn to the 2000th (on 

the x axis). Since each µ represents a predicted G′ from our model, there are multiple overlapping plots 

here (each one assigned a different colour) – one for each molecule in the training set. The right panes 

for both µ and σ gives an indication to the convergence of the sampling to the true distribution. 

  

 

BART G′ traceplot 

 

 Figure 4.5: Traceplot of the MCMC sampling for the BART G′ model. 
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To assess the convergence of the sampling of the µ and σ distributions the Gelman-Rubin (R) statistic26 

can be used (Equation 4.5). W is the within chain variance and B is the between chain variance meaning 

that R is a ratio that compares the variation within a chain to the variation between chains.  

                                                                              𝑅 =  
𝐿−1

𝐿
𝑊+ 

1

𝐿
𝐵

𝑊
                                                                      (4.5) 

As B approaches 0 (as the chains become more similar) R tends towards 1. Thus, convergence is said 

to occur when the R statistic is close to 1, typically less than 1.1.27 For all of the µ values sampled and 

the σ parameter, the R value is between 1.00 and 1.01 giving good confidence that the sampling has 

converged.   

 

4.3.1.2 Model Performance   

 

A pre-requisite of the BART model is that the experimental log(G′) used to train the model should be 

normally distributed and the plot in Figure 4.6a shows that the data is moderately normal with a slight 

skew. To assess the normality of the log(G′) distribution the Shapiro-Wilk test is used to determine the 

likelihood that the training log(G′) was drawn from a normal distribution.  

The Shapiro-Wilk calculates a statistic, W28 (Equation 4.6) with the ith smallest value xi multiplied by 

the Shapiro-Wilk constant ai as the numerator and the sum-of-squares as the denominator. If the data 

is normally distributed the statistic is 1.  

                                                            W = 
(∑ 𝑎𝑖𝑥(𝑖))𝑛

𝑖=1
2

∑ (𝑥𝑖− �̅�𝑛
𝑖=1 )2

                                                                                   (4.6) 

The Shapiro-Wilk gives a score of 0.98 with a p-value of 0.65 which is larger than the the p-value 

threshold of 0.05 resulting in a failure to reject the null hypothesis (that the data is normally 

distributed). 

Figure 4.6b shows the visualisation of our descriptor space in a TMAP29 plot. The TMAP plots displays 

the similarity of molecules as sub-branches within the TMAP plot and the points in the plot have been 

sized by their G′ value. It becomes clear that the datapoints are not easily distinguishable in TMAP 

space by their G′ values and thus it calls for a more complicated procedure to model the relationship 

between the descriptors and G′.  

In the TMAP plot, each sub-branch can be considered as a sub cluster within the dataset. Therefore, 

any test or validation set points in a sub-branch with few to no training set points are molecules that 
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may not have a close neighbour in the training set. There are only two test set points that are the 

terminal points within a branch and one in the validation set. Even in these cases, only the validation 

set point doesn’t exist in a sub-branch with any training set points. Overall, this shows that all points 

in the test and validation set, bar this validation set point, has a similar molecule in the training set and 

should lead to good predictive performance for the model.  

Distribution of log(G′) and TMAP plot of the dataset 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.6a) Distribution of the log(G′) values in the training set. b) TMAP representation of the 5_1 dataset with Python 
descriptors. 
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Figure 4.7a shows the combined performance of our BART model on the train, test and validation sets 

and plots the mean of the y posterior against the experimentally derived values. The error bars for the 

predictions derived from the posterior distribution are provided later in the chapter (see 4.3.1.5 Test 

and validation set prediction uncertainty). Visually, performance across all 3 datasets is good and Table 

4.1 contains the performance metrics for all datasets in terms of RMSE and R2 

Performance of our BART model on the test set is good, with the R2 of 0.64 surpassing our threshold 

of 0.6. However, the RMSE appears to be slightly higher than the threshold of 0.3 at 0.35 but is 

reasonably close to the threshold we set but visual inspection shows that performance is still 

adequate.  

On the validation set, the RMSE shows the same performance as the test set, but the R2 of 0.41 falls 

below our 0.6 threshold. On visual inspection, it is likely that the outlier at low G′ contributes 

significantly to this low R2. Removal of this point causes the R2 to improve to 0.51 – still below our 

threshold.  

Table 4.1: R2 and RMSE values for the train, test and validation sets. 

Set R2 RMSE 

Training 0.94 0.14 

Test 0.64 0.35 

Validation 0.41 0.35 

 

Figure 4.7b is a replicate of figure 4.6b, but this time the points in the TMAP plot have been scaled by 

their absolute residual from the BART model. Generally, residuals are larger on test set points that exist 

within sub-branches of our TMAP plot. Moreover, the points that are terminal points in the TMAP plot 

do have the highest residuals in the test set (points 1 and 2), suggesting that this could potentially be 

hampering the predictions.  
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Experiment vs prediction for the BART G′ 

TMAP plot sized by residual 

Figure 4.7 a) Performance of the model on the train, test and validation sets. b) TMAP plot for the 
dataset scaled by the prediction residuals. 

1 

2 

3 
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However, in the validation set, the large outlier in Figure 4.7a exists in a sub-branch with two training 

set molecules and these points could potentially be influential in determining the predictions for this 

point. These points are shown in Figure 8 and are labelled Validation, Train_Term and Train where the 

Train_Term point is the terminal point in the sub-branch. 

It is immediately clear in Figure 4.8 that visually these points are relatively similar, all containing a 

valine residue (V), but Train and Validation differ in the phenylalanine (F) replacement for one of the 

valines in the tripeptide Train. Between Validation and Train_Term, the difference in the peptides is a 

replacement of phenylalanine for glycine in Train_Term. Indeed, the Tanimoto similarity (discussed in 

detail in 5.3.2.1.4 Molecular variation within outputs.) between Validation and Train_Term is high at 

0.7 but drops to 0.5 between Validation and Train. Moreover, when comparing the experimental G′ 

values between the similar Train_term and Validation points they are 4.80 and 3.43 respectively which 

indicates that the poor prediction here is likely due to the existence of an activity cliff30 (where similar 

molecules exhibit dissimilar properties) and this is potentially the cause for the poor prediction.  For 

reference the average Tanimoto similarity in the combined train, test and validation sets is 0.45 (± 0.18) 

showing that Validation and Train_Term are very similar in the context of the dataset.  

Chemical depiction of the outlier molecule and TMAP neighbours 

Train_Term Train 

Validation 

Figure 4.8: Validation set point with the highest residual and the only two training set points in the same sub-branch. 
Train_Term is the terminal point of the branch. 
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4.3.1.3 Comparison with our R Random Forest 

 

Figure 4.9 is a reminder of the performance of our R Random Forest31 model (see Chapter 3: 3.3.1.5.4 

Best Performing Model) for comparison with the BART model. In terms of RMSE, there is very little 

difference in the performance of the test and validation sets between Random Forest and BART and it 

is within the R2 where our BART model appears to suffer in its performance. We see a drop in R2 from 

0.8 to 0.64 on the test set and from 0.71 to 0.41 on the validation set. The RMSE values are generally 

similar between the R Random Forest and BART model with the validation set RMSE in the R model 

being slightly lower (0.31) than the BART model (0.35).  

However, the benefits of the BART model include an inherent measure in the uncertainty contained 

within the model’s prediction posterior. Therefore, we can investigate the posterior distributions of 

the predictions and gauge a degree of uncertainty in the model predictions.  

Experiment vs predicton for the R Random Forest G′ 

 

Figure 4.9: Best performing R Random Forest model from Chapter 3. 
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4.3.1.4 Posterior predictive checks  

 

An example of this extra information can be seen in Figure 4.10 which shows the complete posterior 

prediction for the highlighted test set points. In this case, the light blue vertical bars indicate the 89% 

Bayesian credible interval which is the default credible interval for the ArviZ package used here.24 You 

can see in the posterior plots, in this case the model is much more certain in the more accurate 

prediction (prediction A) as it shows a much narrower posterior distribution than the more poorly 

predicted point (prediction B). This information is useful when predicting unknown points to gauge 

how confident we can be in the model’s certainty in the prediction.  

Posterior Predictive Checks 

 

 

A 

B 

Figure 4.10: Posterior predictive checking for the test set molecules. The light blue vertical lines indicate the 89% Bayesian credible interval 
for the prediction.  
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4.3.1.5 Test and validation set prediction uncertainty  

 

We can summarise this certainty in terms of the Bayesian credible interval and update our plots to 

reflect this. Figures 4.11a and 4.11b show the isolated test and validation set predictions with the 89% 

credible interval as the error bars. All points bar one in the test set are considered within the range 

checking of the descriptors and PCA components of the training set. The point out of domain is 

highlighted in black in Figure 4.11a. Considering only in-domain points, the test RMSE remains 0.35 

and the R2 drops slightly from 0.64 to 0.60. When considering the credible interval, we can gauge more 

about how close the model is to the true value when accounting for uncertainty.  

On the test set, the model struggles to accurately predict at low G′ values, where there are three points 

(labelled 1,2 and 3 in Figure 4.11a and shown visually in Figure 4.12) that fail to overlap with the y=x 

line even when considering the 89% credible interval. This is due to the inherent nature of the BART 

model. For each prediction, it starts with the assumption that the predicted value is the mean of the 

training set and then it uses the descriptors to “pull” the prediction away from the mean. Therefore, if 

there is an under-represented region of the G′ space there is less evidence for predictions to be pulled 

to low values hence the over-prediction of these points.  

The Random Forest in Figure 4.9 also failed to accurately predict these points. Given that these points 

are all present in the test set at 5 mg/mL and 10 mg/mL and these are predicted moderately well – 

there is unlikely to be any chemical reasoning underpinning the poor prediction here. It is much more 

likely that the poor prediction is due to a lack of training data with low G′ values in the dataset.  

In the validation set all points are considered in-domain and only one point’s 89% credible interval fails 

to overlap with the y=x line in Figure 4.11b. This point is the point shown in Figure 4.8 and the poor 

prediction here has been attributed to the presence of an activity cliff but the lack of training data at 

low G′ is likely also a contributing factor. These results, coupled with the non-Bayesian models suggest 

that model performance needs to be improved at low values of G’ by including more data within that 

range in the training set. 
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Test and validation performance with confidence intervals 

 

 

 

Figure 4.11: a) Test and b) validation set predictions with the 89% Bayesian credible interval shown as error bars on 
each point. The horizontal error bars correspond with the 89% credible interval. The vertical error bars are the 
experimental errors.  

2

 

1

 

3
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Chemical depictions of the poorly predicted test points 

 

 

 

 

 

 

 

 

Test_1 Test_2 

Test_3 

Figure 4.12: Molecules in the test set whose 89% credible interval fails to overlap with the y=x line 
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4.3.1.6 Model validation via a Y-randomisation check 

 

Table 4.2 shows the result of the y-randomisation approach. A y-randomisation test is carried out to 

check that the patterns found within the training data of our model were not found by chance and 

that the same performance couldn’t be achieved using any combination of descriptors and G′, this is 

more likely to occur when using small datasets. This is assessed on the model’s ability to accurately 

predict the in-domain test and validation sets and how much it differs to the true model.    

The α values for the R2 and RMSE are high for both the test and validation sets. On the test set there 

is 0.49% confidence that the true model is drawn from the same distribution as the random models 

based on the R2 and this is 0.13% when considering the test RMSE. Both values give high confidence 

that our model is finding a true relationship between the molecular descriptors and G′. On the 

validation set the confidence is lower for both R2 and RMSE at 3.56% and 2.28% but confidence is still 

high.  

 

Table 4.2: Y-randomisation results 

 

 

 

 

An example of a model built using the y-randomisation approach is shown in Figure 4.13. It is clear 

from Figure 4.13 that there is no relationship between experiment and prediction across all three of 

the train, test and validation sets. This aligns closely with the high confidence obtained from Table 4.2 

and gives confidence to predict the external set using this model.  

Set 
Z-Score 

(R2) 
α 

(R2) 
Z-Score 
(RMSE) 

α 
(RMSE) 

Test 2.58 99.51% 3.00 99.87% 

Validation 1.80 96.44% 2.00 97.72% 
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Experiment vs prediction for a randomised model 

 

4.3.1.7 External set prediction 

 

All of the points in the external set (see Table 4.3) are within the applicability domain of the training 

set. The performance of the model on this set is shown in Figure 4.14 and performance is mixed. 

Statistically, the RMSE is relatively high at 0.55 and the R2 is -1.99 suggesting that the predictions on 

this set are worse than merely predicting each point to be the mean value of the set. This is concerning 

and the first time that the predictions have been this poor.  

However, when accounting for the 89% credible interval – these intervals are large, particularly 

compared to the plots in 4.11a and 4.11b on the test and validation sets. Therefore, this suggests an 

element of uncertainty in the model for these predictions and it is reassuring that the poor prediction 

is accompanied by large uncertainty.   

Of the molecules in the external set, only two fail to reach the y=x line when considering the 89% 

credible interval and these are shown in Figure 4.15 as ext_2 and ext_8. Ext_2 is structurally very 

similar to the Train_Term molecule above, being the non-brominated analogue of this molecule. When 

comparing the experimental G′ values of Ext_2 and Train_Term they are 4.26 and 4.82 (for the 5 mg/mL 

Train_Term) which makes the prediction of Ext_2 of 5.19 rather surprising and making this point an 

outlier.   

Figure 4.13: Performance of a randomly chosen single randomised model of the 50 trained on the train, test and 
validation set. 
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Experiment vs prediction on the external set 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.14: Performance of the BART G′ model on the external set of molecules. The horizontal error bars correspond 
with the 89% credible interval. The vertical error bars are the experimental errors. 
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Chemical depictions of the poorly predicted external points and their TMAP neighbours 

 

 

Figure 4.16 shows the TMAP representation of the dataset with the external set points added. Ext_8 

exists as part of three molecules the end of a branch with two other validation set points (the only 

other two Fmoc gels in the external set) and is the central of the three points. The nearest training set 

point is another Fmoc based gel but the Train_5 is an FmocFF gel whereas Ext_8 is FmocAG. The 

Tanimoto similarity for these points is somewhat low at 0.54 close to the similarity threshold of 0.5 

that is defined in Chapter 5: 5.3.2.1.4 Molecular variation within outputs. Moreover, the experimental 

G′ for the Train_5 point is 4.58 whereas Ext_8 has an experimental G′ of 3.74 indicating an activity cliff 

here.  

 

 

 

Ext_8Ext_2

Figure 4.15: External molecules 1 and 2 that fail to overlap with the y=x line with the 89% Bayesian credible interval and the nearest 
training set point to both points (Train_Term and Train_5).  

Train_5Train_Term
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TMAP plot sized by external residuals 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.16: TMAP plot of the train, test and validation sets with the external set added in red. 

Ext_2

Ext_8
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Table 4.3: Molecules comprising the external set. Note these are the same molecules as those shown in Table 4 in Chapter 3. 

Gel Concentration 

(mg/mL) 

Structure G′ G′ error Gʺ Gʺ error 

1 –  

Molecu

le 6  

5.0 

 

41600 

(4.62) 

1670 7460 

(3.87) 

577 

2 – 

Molecu

le 15 

5.0 

 

24500 

(4.39) 

941 4630 

(3.67) 

230 
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3 – 

2NapV

G 

5.0 

 

18200 

(4.26) 

1040 3630 

(3.59) 

344 

4 -  

CF3PhF

IF 

 

5.0 

 

25700 

(4.41) 

1800 2770 

(3.44) 

106 

5 -  

4ClNap

LIF 

 

5.0  21800 

(4.34) 

1360 3150 

(3.50) 

182 

6 -  

CarbI 

 

5.0 

 

12300 

(4.10) 

983 454 

(2.66) 

39 
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7 -  

6MeON

apA 

 

5.0 

 

3750 

(3.57) 

116 187 

(2.27) 

32 

8 - 

2NapFV 

 

5.0 

 

33600 

(3.53) 

4040 3460 

(3.54) 

326 

9 -  

FmocA

G 

 

5.0 

 

5520 

(3.74) 

705 966 

(2.98) 

87 

10 -  

FmocFA 

 

5.0 

 

17200 

(4.24) 

2970 2590 

(3.41) 

621 
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4.3.1.8 Model Interpretation 

 

Since the model has shown promising performance thus far, the model will be interpreted using the 

SHAP approach32 (see 2.3.2.9.2.1  RF Shap Importance). The SHAP approach considers descriptors in 

batches as a “coalition” and predicts the G′ value on this reduced dataset and compares the difference 

to the prediction with the full dataset. The coalition is assigned a “score” which is the difference 

between the full set prediction and the coalition’s prediction. This is averaged over coalitions to give 

an idea of how much each descriptor, on average, impacts the predicted value. 

The results of the SHAP approach are shown in Figure 4.17 below as a Beeswarm plot. The plot is 

divided into 2.5, 5 and 10 mg/mL plots respectively. The beeswarm y axis is ordered by the most 

important descriptor by average absolute SHAP value. Each point on the plot in each “row” in the y-

axis is a single point in the in-domain test and validation sets. It is situated along the X axis by its SHAP 

value for that descriptor for each molecule. Each point is coloured by the descriptor value, scaled 

between 0 and 1 where 1 is the maximum value that descriptor takes in the test and validation sets 

with 0 being the minimum. Each fragment is presented in Figure 4.18 as red circles on a training set 

molecule.  
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Beeswarm plot of the BART G′ model 

Figure 4.17: Beeswarm plot of the SHAP values for the G′ model at a) 2.5 mg/mL b) 5 mg/mL and c) 10 
mg/mL 
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Chemical depictions of the most important fragments 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

FCFP_403 FCFP_792 

ECFP_1624 FCFP_532 

FCFP_691 FCFP_718 

FCFP_1336 FCFP_927 

ECFP_989 FCFP_428 

Figure 4.18: Fragment representation shown on a training set molecule 
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It is immediately clear in the Figure that the model quickly learns to assign negative attribution to the 

points at 2.5 mg/mL and positive to 10 mg/mL. The hypothesis here is that since BART initially predicts 

the mean of the training set and then uses the descriptors to pull away from this value, the model 

quickly learns that most 2.5 mg/mL points are below the mean and most 10 mg/mL are above. Indeed, 

the mean G′ in the training set is 4.57 and the highest G′ in the test and validation set at 2.5 mg/mL is 

4.36. For 10 mg/mL the minimum value is 4.90. As for 5 mg/mL this concentration has values both 

above and below the mean and so information about the importance of descriptors can be extracted 

from the beeswarm plot (Figure 17b) of this concentration.  

The representations of the important fragments are highlighted on training set molecules in Figure 18. 

Again, as found in the non-Bayesian RF SHAP (see 3.3.1.9.2 Random Forest) fragments set by 

phenylalanine are ever-present in the top 10. ECFP_1624 (3rd), FCFP_532 (4th), FCFP_718 (6th) 

FCFP_927 (8th) and FCFP_428 (10th) can all be set by phenylalanine. Of these fragments, only 

ECFP_1624 has a value dependence on the SHAP score with an increase in this fragment causing a 

negative SHAP score and a decrease in the predicted G′. This bit is set by a phenylalanine at the C-

terminus and this was also seen in the R- kNN model (see 3.3.1.9.1 k-Nearest Neighbours) and again 

shows that the importance being placed on the relative position of the phenylalanine, reinforcing the 

idea that it is less beneficial to have a terminal phenylalanine, as seen in the Boc-Phe-Aib-OH (Figure 

4.19) work33 discussed in 3.3.1.10.1. 

 

Of the remaining fragments, the most important overall fragment, FCFP_403 is set by a naphthalene 

with a methoxy linker. In the R- Random Forest models (see 3.3.1.10.2 Random Forest) the methoxy 

linker was again seen to be important but there was no value dependence on the SHAP value. Here, 

there is a clear positive correlation with higher values of the FCFP_403 fragment resulting in a larger 

predicted G′. This would be expected based upon the experimental results introduced in 3.3.1.10.2 

which showed that the methoxy linker promoted gelation over alkyl linkers34 and the methoxy linker 

results in more beneficial bond angles for self-assembly.35  

Figure 4.19: Boc-Phe-Aib-OH 
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There are three fragments in the top 10 set by hydrophobic alkyl chains, FCFP_792 (2nd) and FCFP_1336 

(7th) are both set by valine and ECFP_989 is set by alanine. Of these, only FCFP_792 has a SHAP-value 

dependence with it showing a negative correlation, even though hydrophobicity is known to increase 

self-assembly in hydrogels36 thus suggesting that the dependence here is more nuanced.  

Now the analogous work is carried out for the G′′ work on the same dataset and the performance 

compared to the best non-Bayesian model reported in Chapter 3 - 3.3.2.2 RF models 
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4.3.2 G’’ BART model   

4.3.2.1 Model Convergence and Assumptions 

 

Again, the PyMC3 BART model must be checked for sufficient convergence of the MCMC sampling. 

Figure 4.20 shows the traceplot of the G′′ BART model and the Gelman-Rubin statistic26 for each 

parameter value sampled is again between 1.00 and 1.01 giving good confidence that the sampling 

chains have converged to the true posterior distribution.  

The assumption of normality for the training G′′ values is again assessed via the Shapiro-Wilk28 

normality and the statistic is 0.98 with a p-value of 0.60 giving high confidence that the data is normally 

distributed. The distribution can be seen in Figure 4.21.  

 

BART G′′ traceplot 

 

 

 

Figure 4.20: Convergence of the BART G′′ model 
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log(G′′) distribution 

 

4.3.2.2 Model training and performance  

 

The performance of the G′′ model on the train, test and validation set is shown in Figure 4.22. The plot 

in Figure 4.22 shows overall good agreement between experimental and predicted values. Again, as in 

the G′ work there are outliers are at low values of G′′ which are the same points as the validation and 

test set points highlighted in Figures 4.8 and 4.12 further emphasising the need for further model 

building with more data in this region. The test set predictions appear to be well correlated with the 

experimental values, but the majority of the test set points seem to be scattered around the x=y 

dashed line.  

Table 4.4 highlights the performance of the model in terms of R2 and RMSE and shows overall similar 

performance to the G′ model but much better performance on the validation set. For the test set, R2 

is below the 0.6 threshold at 0.5 and the RMSE is high at 0.40 compared to the threshold set of 0.30 

but visually performance is good. For the validation set, the dataset performs very well even 

accounting for the known point that is poorly predicted. R2 is above the threshold at 0.73 and RMSE is 

low at 0.23, comfortably below the 0.3 threshold.  

 

Figure 4.21: Distribution of log(G′′) values in the training set 
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Experiment vs prediction for the BART G′′ model 

 

Table 4.4: Performance of the G′′ model on the train, test and validation sets. 

Set R2 RMSE 

Training 0.94 0.15 

Test 0.50 0.40 

Validation 0.73 0.24 

 

4.3.2.3 Test and validation plots with confidence interval bars  

 

Since the G′′ dataset is identical to the G′ one, there is again only a single test set point out of domain, 

this is the black point in the confidence interval plots in Figure 4.23a and 4.23b. The confidence interval 

plots for the G′′ test and validation set mostly follows the same pattern as the G′ model, with the low 

G′′ values being poorly predicted and still failing to encompass the true value in the 89% credible 

interval range. However in the G′′ plot there is an additional point whose 89% credible interval fails to 

overlap with the y=x line (test_4 - 3MeONapFF) which is shown in Figure 4.24.   

From the TMAP plot (Figure 4.25) 3MeONapFF (Figure 4.24) has three connected neighbours, but only 

one of these is present in the training set. The point, shown in Figure 4.26 is 1BrNapFF which shows 

Figure 4.22: Performance of the G′′ model during training, test and validation. 
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moderate similarity in terms of Tanimoto similarity at 0.66. The 1BrNapFF G′′ is 4.22 and it is clear in 

Figure 24a that the model is predicting 3MeONapFF to be closer to its structurally similar neighbour. 

Test and validation performance with confidence intervals 

 

 

 

Figure 4.23: a) Test and b) validation set predictions. The horizontal error bars correspond with the 
89% credible interval. The vertical error bars are the experimental errors. The single out-of-domain 
point is highlighted in black. 

Figure 4.24: Test point 4 that fails to overlap with the y=x line 

Test_4

 

Test_4 

(3MeONapFF) 
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TMAP plot of the G′′ dataset 

 

 

 

 

 

 

 

 

 

Figure 4.25: Replication of the TMAP plot of Figure 16 with Test_4 highlighted. Note the nearest neighbour below 
Test_4 is the orange test point and not the blue train point.  

Test_4

 

Train_3 

(1BrNapFF) 

Figure 4.26: Training set point which is the nearest neighbour to Test_4 (3MeONapFF) 
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4.3.2.4 Validation via Y-Randomisation 

 

The Y-randomisation process was also carried out for the G′′ model and we obtain a similar result again 

to the G′ model. The Z-score in Table 4.5 for the G′′ model on the in-domain test set is 2.38 for the R2 

and 2.89 for the RMSE resulting in 0.85% and 0.19% that the models are a chance correlation. More 

confidence is seen on the validation set as the Z-Scores are 2.72 (R2) and 3.75 (RMSE) giving 0.33% and 

0.01% confidence from both that the true model is very likely drawn from a different distribution than 

the y-randomisation models. From this, we can conclude again that the model is finding a true 

relationship between the descriptors and G′′ and hasn’t happened-upon a chance correlation. Figure 

4.27 shows an example of the y-randomised model and the poor visual correlation between 

experiment and prediction is evident in the Figure. The black dashed line indicates the y = x diagonal. 

 

Table 4.5: Y-randomisation results for the G′′ model. 

 

 

 

Experiment vs prediction for a randomised G′′ model 

Set 
Z-Score 

(R2) 
α 

(R2) 
Z-Score 
(RMSE) 

α 
(RMSE) 

Test 2.38 99.15% 2.89 99.81% 

Validation 2.72 99.67 3.75 99.99% 

Figure 4.27: First randomised model showing no real visual correlation between experiment and prediction. 
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4.3.2.5 External set prediction   

 

Performance of our G′′ model on the external set (Figure 4.28a) is similar to that of the G′ with an R2 

of -0.60 and an RMSE of 0.60, both of these are far from the thresholds we set. 6 of the 10 points 

overlap the y=x line with the 89% confidence interval considered. Of the remaining 4 that don’t, points 

2 and 8 also failed to overlap the y=x line in the G′ model and the other two points 6 and 7 barely 

overlap with the y=x in the G′ model.  

Molecules 6 and 7 are shown in Figure 4.28b. The TMAP plot in Figure 4.29a shows the relationship of 

molecules 6 and 7 to the training set. Molecule 6 (6MeONapA) has no close neighbours in the training 

set and this could explain the poor prediction here and further reinforces the need for more data at 

low G′′. Molecule 7 (2NapFV) closest neighbours are a test set point and forms two further sub-

branches with two training molecules. It is also connected on the minimum spanning tree branch by 

two further training set points but the distance to these points is large. The training set point that 

forms a sub-branch containing only this point is formed by train_19 -  1Br2NapFV (Figure 4.29b) and 

the training set point that is part of the sub-branch containing a further external set point is train_28 

- 6MeO2NapFI (Figure 4.29b) 

The G′′ values for 1Br2NapFV and 6MeO2NapFI are 3.91 and 3.68 respectively, not dissimilar to the 

3.53 of 2NapFV. Moreover, this doesn’t account for why the model predicts the value above these 

points at 4.23.  

Returning to the two training set points that were on the same spanning tree but considered “far” – 

the Tanimoto similarity between 2NapFV and these two points, 2NapFF and 2NapVVV, is largest for 

the entire training set at 0.78 for both. These molecules at the same concentration have G′′ values of 

4.07 and 4.11 and are therefore more likely to be more influential in the prediction for 2NapFV.  
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Experiment vs prediction on the external set  

 

 

 

Figure 4.28: a) Performance of the G′′ model on the external set. The horizontal error bars correspond with the 89% 
credible interval. The vertical error bars are the experimental errors.  b) Molecules 6 and 7 who don’t overlap with the 
y=x line in the G′′ model 

Ext_7 

2NapFV

Ext_6 

6MeONapA 
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External molecules 6 and 7 highlighted on the TMAP plot 

 

 

Ext_6

 

Ext_7

 

Figure 4.29: a) TMAP plot of the dataset with the external set and b) The two training set molecules closest to external_7 
(2NapFV) 

Train_19 

(1Br2NapFV) 

Train_28 

(6MeO2NapFI) 

Ext_7 Ext_6 
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4.3.2.6 SHAP Interpretation   

 

As in the G′ SHAP, the 2.5 and 10 mg/mL beeswarm plots are uninformative and Figure 4.30 shows 

only the 5 mg/mL beeswarm plot. Of the top 10 fragments shown in Figure 4.31, in the G′′ model, 4 

are also present in the G′ top 10. These are FCFP_403, FCFP_691, FCFP_927 and FCFP_428. Three of 

the top 10 fragments can be set by naphthalene, again underlying its importance. Fragments 

FCFP_148, FCFP_1395 and ECFP_1087 can all be set by naphthalene and FCFP_148 (1st) and ECFP_1087 

(10th) both show the positive correlation between SHAP value and descriptor value. Two of the top 10 

fragments, FCFP_25 (which can be set by phenylalanine) and FCFP_660 (which is the C-terminus) show 

no correlation with the descriptor value.  

The final fragment in the top 10 is ECFP_507 which can be set by valine. Comparing ECFP_507 to 

FCFP_792 which can both be set to valine, ECFP_507 here has a positive correlation between SHAP 

and descriptor value whereas in FCFP_792 the relationship was negative. The SHAP results here 

corroborate the idea that valine increases the hydrophobicity and increases the tendency to self-

assemble.  

BART G′′ beeswarm plot 
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Figure 4.30: Beeswarm plot for the G′′ model at 5 mg/mL 
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Chemical depictions of the most important fragments 

FCFP_148 FCFP_691 

FCFP_1395 FCFP_927 

FCFP_403 FCFP_428 

FCFP_25 FCFP_660 

ECFP_507 ECFP_1087 

Figure 4.31: Molecular representations of the 10 most important G′′ fragments highlighted on training set 
molecules 
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4.4 Conclusions 
 

Here we present two BART models to predict the rheological properties of low molecular weight 

hydrogels and compare their performance to the non-Bayesian models presented in chapter 3. Our 

Bayesian models show good visual correlation between experiment and prediction with R2 and RMSE 

values that corroborate the predictive nature of our models. Although performance is slightly worse 

than the non-Bayesian models, the extra information given by the posterior of the predictions is 

valuable information when considering that the models were built on small data. We have validated 

the models using a y-randomisation approach and using Shapley values, ascertained which molecular 

fingerprints contribute most to the model’s prediction. We hope these models can form the basis to 

accelerate the synthesis of new gels with a desired rheological profile, which could then be used to 

update the models and improve the certainty in the model’s predictions.   

These models, along with the Python classifier model from chapter 2 will be utilised in the De-Novo 

design of new gels in Chapter 5.  
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Chapter 5 – De-Novo Generative 

Models. 
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5.1 Introduction 

 

Chapter 2 built upon the published models of Gupta et al.1 to provide interpretable models with 

comparable performance for the prediction of whether a functionalised dipeptide forms a gel. Then, 

Chapters 3 and 4 introduced regression models for prediction of the mechanical properties, the 

storage modulus (G′) and loss modulus (G′′) including a Bayesian approach to capture the model’s 

prediction uncertainties. Given that these models were generated to aid in the development of new 

gelators, attention now turns to the generation of new molecules through computational methods.  

5.1.1 DeNovo design 

 

Chemical space is vast, the size of potentially pharmacologically active molecules alone is thought to 

be on the order of 1060. Since the factors impacting gelation are poorly understood, knowledge of the 

size of the potential chemical space for gelators isn’t known.2 Noting this, exploring the theoretical 

space exhaustively for potential new gelators is essentially impossible and as such, generative models 

have become an appealing approach to generating novel molecules. De-Novo design of molecules is 

the act of generating new molecules with a desired profile of some kind.3  

Historically, a virtual screening approach has been deployed to screen for new molecules, even in the 

gels field, groups have generated libraries of molecules to screen their gelation ability4. Here, they 

synthesised a range of molecules analogous to those shown previously to gel (Figure 5.1). Through 

individual triggering through both the pH trigger via glucono-δ-lactone5 and a solvent trigger, they 

discover a range of molecules that form gels. 

However, this approach is time consuming, expensive and has no guarantee of success. Therefore, De-

Novo approaches to generate candidates and QSAR models to assess virtually molecules in order to 

obtain compounds with a desired profile, although with no guarantee of success, has the potential to 

be a streamlined way to expand the chemical space of gelators with desired properties.   
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5.1.1.1 Genetic Algorithms 

 

Genetic Algorithms (GA) are named as such due to their similarity with evolution.6 In a genetic 

algorithm, members of an initial population have their fitness calculated with respect to a desired 

characteristic. Only those in the population that have desirable characteristics are taken to the next 

iteration to “breed”.7 Variations of GA which do not involve direct breeding of the population are called 

evolutionary algorithms.  This process continues until some criteria is met or a desired number of 

generations has been reached.8 The general process of a GA is summarised in Figure 5.29 

This approach has found use in De-Novo molecule design in chemistry by considering molecules as a 

graph where molecules are nodes and bonds are the edges10. Globus et al11 proposed a graph based 

genetic algorithm that twice compares two molecules at random, the best of each comparison is 

termed father and mother, respectively. The mother and father molecule are randomly fragmented 

and a fragment from each forms a new molecule, the son. This is repeated to produce a daughter. The 

comparison of two molecules is repeated and the worst in each comparison is replaced with the son 

and daughter. The “goodness” of a molecule at each comparison was governed by a fitness function 

that considers the atom pairs shortest path similarity between the molecule and a target molecule.12      

Another graph based GA was presented by Jensen13 to produce molecules with desirable 

hydrophobicity in terms of LogP. Here, mutations are made in a probabilistic fashion, with the type of 

change to the molecular graph having roughly equal probability, meaning that changes to bond order 

Figure 5.1: The dipeptides known to gel previously used to derive new analogues that also form gels. 
Figure adapted from [4] 



260 
 

or atoms are equally likely. The bond/atom used to make the replacement is decided by the relative 

prevalence of the bond/atom in the ZINC database.14 Part of the optimisation function of this GA 

considers the synthetic accessibility of the new molecules and so optimisation should lead to 

chemically reasonable molecules.  

 

Given the issue of chemically reasonable mutations, work was carried out to define a methodology 

that produced mutated molecules with reasonable chemistry. The Chemically Reasonable Mutations 

(CReM) package in Python was presented by Polishchuck et al15. CReM works by first creating a 

database of fragments by fragmenting molecules from a user defined set of molecules. The default 

sets are versions of the ChEMBL database16. The fragmentation is done considering the local molecular 

context, within a given bond radius, of the molecules so that fragments can only be replaced if they 

are in the same chemical context. This is summarised in Figure 5.3.  

When carrying out the mutation on a molecule, the molecule is fragmented based on the radius 

context and the database is searched for all fragments with the same chemical context. All possible 

replacements are made and the mutated molecules returned.  

 

Figure 5.2: General workflow of a GA. Figure adapted from [9] 
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5.1.1.2 Recurrent Neural Networks   

 

Another popular approach for de novo generation is based upon neural networks17, more specifically 

a Recurrent Neural Network (RNN). A RNN (Figure 5.4) is designed for time series or sequential data, 

where data is passed to the model sequentially and the current data termed x.18 The information 

outputted from the network from the previous time steps, the hidden state (h-1), is inputted along with 

the next input in the sequence (x) for the current time step (t) and it outputs an updated hidden state 

(h). This updated hidden state also forms part of the input for the t+1 and allows the RNNs to use 

information from data it has already seen to influence the current prediction.19 This allows the network 

to remember and RNNs are said to possess “memory”. This is visualised in Figure 5.4.20 Due to this 

memory, these methods have been heavily utilised in Natural Language Processing21, language 

translation22 and the generation of music23.  

 

 

Figure 5.3: Example of the CReM mutation of a molecule. The brown fragment is replaced and the context radius of the pink and 
red fragments are checked in the database to find compatible fragments. Once found, the green, blue and yellow fragments 
replace the brown one in the parent molecule to form new child molecules. Figure adapted from [15] 
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However, one drawback of a standard RNN is that long-term memory, that may be necessary for 

context say in a text generation use, will be lost due to the vanishing gradient phenomenon.24 When 

the error in the prediction is back-propagated through the network, the further back in the network 

the error propagates the smaller the gradient becomes and thus, the less that section of the network 

influences the current hidden state.24 To overcome this issue, two new types of RNN layers are utilised, 

the Long Short-Term Memory (LSTM) layer25 and the Gated Recurrent Unit (GRU) layer26. These layers 

are visualised in Figure 5.5.27 

LSTM layers were developed to allow for important context early in the sequence to be propagated 

through the network.  They do this through an extra state called the cell state, which contains more 

long-term memory than the hidden state.25 At each time-step, t, the neuron receives the new character 

for this time step, the hidden state h-1 and the cell state from the previous step C-1  

 

Figure 5.4: An example of a RNN where the information from the initial input X0 at time step t0 is passed through to the 
hidden layer for X1 and influences the output. Figure adapted from [19] 
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LSTM models utilise three gates, which themselves apply functions to weight vectors and thus can be 

considered simple neural networks.28 The first gate, the forget gate, decides which information from 

the cell state can be discarded based on the current input and the previous hidden state (h-1). Next, 

the input gate updates the cell state using the information from the previous hidden state and the 

current input. Next the output gate decides on the new hidden state should be for t+1.29 

On the other hand, the GRU layer doesn’t utilise a cell state and transfers long term information 

through the hidden state. A GRU layer utilises two gates, the reset gate and the update gate. The Reset 

gate determines which past information to forget, and the update gate decides which current 

information to forget, and which new information gets added to the hidden state.30  

In a chemistry context, RNNs can be utilised by taking advantage of the SMILES representation of 

molecules31. Since SMILES are a string-based representation, we can use an RNN as a character 

generating model to iteratively build a molecule atom by atom. This is carried out by splitting the 

SMILES string into characters and then treating each character as a time series – utilising the previous 

atoms present in the string to generate new chemically reasonable characters to append to our 

molecule. The Long-Term memory of the LSTM and GRU layers are important in generating SMILES as 

we need a long term dependency to teach the model to close an aromatic ring it had previously 

opened. An example molecule generation using an RNN is shown in Figure 5.6.32 

Figure 5.5: An example of an LSTM and GRU layer highlighting the different gates which control which information is passed 
to the next layer of the RNN. Figure adapted from [26] 
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There are reports of RNNs alone being used to generate molecules. For example Bjerrum et al.33 

downloaded the clean fragment and drug like subset from ZINC1214 as SMILES and used these as the 

molecules for an RNN to learn the molecular syntax of SMILES. They sampled a SMILES character at 

each time step in the RNN and added a sampling temperature parameter to modify how conservative 

the model became when sampling new molecules. They found that the generated models possessed 

similar profiles of physicochemical properties (LogD, Molecular Weight etc.) as the ZINC database. The 

similarity of the generated molecules to the training molecules can be tweaked with the temperature 

parameter but this leads to an increase in invalid SMILES strings.  

However, RNNs are most typically deployed with a reinforcement learning aspect to guide molecular 

generation to molecules with a desirable property or activity against a particular target.   

 

5.1.1.3 Reinforcement learning 

 

Reinforcement learning (RL) is based around the idea of rewarding a machine learning model based 

on the actions taken by it within an environment.34 It is a form of unsupervised learning which allows 

machine learning models to explore environments via the use of an agent. The agent decides on a 

move to make in the environment and the agent is rewarded if the move is a “positive” move. The 

agent will attempt to make moves that maximise its reward.35 

Reinforcement learning rose to fame in 2015 when it became the first computer model to defeat a 

human player in the ancient Chinese game of Go. The program, AlphaGo, defeated the current 

European champion and later in 2016 beat 18 time world GO champion Lee Sedol36. Researchers at 

DeepMind trained a deep neural network with reinforcement learning how to play Go using a neural 

Figure 5.6: An example of generating benzene using an RNN. A carbon atom is chosen as the starting atom and 
each new sample (St-1) influences the next SMILES character generated. Note that the RNN has remembered to close 
the benzene ring by sampling a 1 at the end of the sequence. Figure adapted from [31] 
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network to select the next move and another to predict the winner of the game. Over time AlphaGo 

became skilled enough to be the best Go player in the world.  

Applications of reinforcement learning within chemistry to produce molecules with desired properties 

including the ReLeaSE approach37 proposed by Popova et al. Here they utilise an RNN in the form of a 

stack-RNN with a LSTM based RNN which acts as a QSAR model for predicting molecular properties.  

They trained their RNN with 1.5 million molecules from ChEMBL to learn the syntax of SMILES. 

Interestingly, they generate 1 million molecules, 0.1% of which were in the training set. Again, they 

generate molecules towards optimising logP below 5 but also generate molecules that minimise or 

maximise JAK2 activity, using the QSAR model.  

Other Reinforcement learning approaches have been successfully used to generate molecules with 

good drug likeliness38, show good inhibitory activity against DDR1 kinases39 and generate analogues of 

commercially available drugs40. The models built to generate drug analogues in [40], is the REINVENT 

approach and contains a predefined GRU based RNN architecture with customisable scoring 

functions40, both of which we will utilise in this chapter for our RNN-RL. 

The REINVENT approach utilises two RNN networks, the Prior and Agent network. Initially, the RNN is 

trained on a set of SMILES so that the model can learn the syntax of SMILES. Then, a scoring function 

is defined that scores a molecule between 0 and 1 based on a desired fitness function. The prior is 

then used as the starting point to train the agent network which is responsible for generating new 

molecules. The molecules are sampled from the agent subject to the augmented likelihood probability 

of the molecule based on both the molecules in the prior model and the score from the scoring 

function. The general process of the REINVENT process is summarised in Figure 5.7.  

Other generative approach used within chemistry include the Generative Adversarial Network (GAN) 

set of models.41 Training a GAN model involves simultaneous training of two models, the generative 

model, G, and the discriminative model, D, form a zero-sum game. The game involves G creating fake 

input data and D receiving both real data, and the fake data created by G and is tasked with 

discriminating between the real and fake input data with the generator hoping it can fool the 

discriminator.42 Once trained, the discriminator is discarded and the generator can be used as a 

generative model.  

GAN models have been used within chemistry as a molecular generation tool. Mol-CycleGAN was 

introduced by Maziarka et al. as a tool to generate structurally similar molecules to a reference 

molecule with optimised molecular properties (such as logP) for drug-like molecules.43 
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Another example of a generative approach used within chemistry are diffusion-based models. 

Diffusion models are probabilistic models whose training procedure involves systematically adding 

noise to an image to “destroy it”. The model is then tasked with removing the noise and this process 

allows the model to learn the underlying distribution of the training data.44 Once the underlying 

distribution is known, noise can be used as the input to the model to generate an image that is 

representative of the original training set.  

Diffusion models have been used within chemistry to generate drug-like ligands in protein pockets. 

Here they create a diffusion-based model trained on the CrossDocked dataset to generate molecular 

point clouds within a protein binding site. They then assess the binding affinity of the generated 

molecules with the binding site and show that the generated molecules possess similar binding 

affinities to related generative approaches.45   

 

 

 

In this chapter, generative models will be built based on both a genetic algorithm and an RNN. Initially, 

CReM will be used as the mutation operation on the molecules and score the molecules by how close 

they are to a desired G′ value. Comparisons between this method and the RNN learnt via the REINVENT 

model with a reinforcement learning aspect which contains a similar scoring function to the genetic 

algorithm which assesses the closeness to a G′ value between 0 and 1. 

 

 

Figure 5.7: Summary of the REINVENT process. Figure adapted from [40] 
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5.2 Experimental  

5.2.1 CReM  

5.2.1.1 Software used  

 

For our Genetic Algorithm (GA) based approach to De-Novo design, all code is written within Python46 

(version 3.7.9). Mutations to our molecules is carried out using the CReM package (version 0.2.9)15 in 

Python. Within CReM, we utilise the ChEMBL library v2216 with maximum synthetic accessibility score 

of 2 as the fragment database used to mutate our virtual library. This dataset was chosen as it contains 

molecules that have been synthesised and should help to keep mutated molecules in a reasonable 

chemical space that is synthesisable.  

5.2.1.2 Workflow 

 

As our initial pool of “parent” compounds for the GA we utilise a virtual library we have enumerated. 

Enumeration was achieved using an in-house Python script which utilises the RDKit47 reaction 

functionality to react each dipeptide/tripeptide in Appendix 5.7.1 with an R group in the correct 

position. Reactions are carried out so that each possible molecule from the list of R groups in Appendix 

5.7.1 is formed. The enumerated virtual library consists of 529,200 unique compounds, for structures 

and R groups see Appendix 5.7.1. The GA process is summarised in Figure 5.8 and works as 

follows.  

The desired G′ value is chosen and the 1000 molecules in the virtual library with the closest 

predicted G′ to this value is chosen from the initial pool. Once the initial pool is reduced, we 

carry out all possible CReM mutations on a user-defined number of (from 2 to 100) randomly 

selected molecules in the initial pool and carry out an applicability domain check for the 

classification models and the rheology models. If the molecule is considered in-domain, which 

here is defined only by the k-NN similarity to the nearest training set point (see Chapter 1: 1.9 

Applicability Domain), we predict the gel state of the mutated molecules using our Python 

Classifier from Chapter 2 (2.3.4 – Python Classification Models) and the G′ values using our PyMC3 

BART rheology model from Chapter 4 (4.3.1 - G’ BART model).  
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CReM Process 

 

 

 

Figure 5.8: Overview of the CReM-GA Process 
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Next, we calculate the distance between the model’s predicted value and the desired value 

and assess how close it is via a customised tanh function. The customised derivative of the 

tanh function (Figure 5.9) assigns scores closer to 1 as the distance between the calculated G′ 

and the desired G′ approaches 0.  

We take the square root of the derivative to assign a more stringent scoring system, this is 

because our G′ range encompassed 3 units and residuals from our model are generally less 

than 1 meaning that the majority of our calculated values will be less than 1. We therefore 

want to weight more highly scores very close to 0. 

Tanh scoring function 

 

 

Figure 5.9: The derivative of the tanh function (purple) and the square root (blue) which forms our more stringent scoring 
system. 

  

Once scored, each point is sorted using a Pareto sort48 to maximise the probability of gel 

formation and maximise the assigned score. We then take the top 10 from our sorted mutated 

molecules as our initial pool for the next iteration. If the previous output failed to produce 10 

molecules, molecules form the virtual library are appended before the next iteration. The 

algorithm can be run for a set output length or for a set number of iterations. We iterate until 
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we have 100 molecules in the output or 100 iterations have passed. The user is outputted a 

sorted list using the same Pareto sort carried out at each iteration.   

5.2.1.3 Benchmarking  

 

We aim to establish the performance of our GA approach at generating diverse molecules 

close to our desired values, across a range of G′ values. Although there is possibility to modify 

the script to generate molecules with desired G′′ values, the RNN below currently only has the 

capability to generate molecules based on G′ and so we will focus the benchmarks on the GA’s 

ability to successfully generate molecules with desirable G′. To do so, we define two 

hyperparameters for our search. 1) The number of initial molecules for the initial mutation 

and 2) The desired G′ value. 

For the number of initial molecules, we investigate 2, 5, 10, 20, 50 and 100 starting molecules 

and G′ values of 5000, 20000, 50000, 75000, 100000 and 150000.  The G′ values encompass 

the range of values of our rheology models in chapters 3 and 4 whilst extending this range 

with the addition of 5000 and 150000.  

We assess the performance of the model by, the time taken to run, the distance from the 

desired value and the similarity of the sampled molecules properties compared to the virtual 

library. All benchmarking runs were carried out on the Barkla, part of the High Performance 

Computing facilities at the University of Liverpool, UK.49 Each hyperparameter pair (G′ and 

starting molecules) was run on a single core of an Intel Xeon Gold Skylake processor with 9.6GB 

of memory.  

5.2.2 Reinvent – Reinforcement Learning  

5.2.2.1 Software used  

 

For the RNN models, we utilise the published REINVENT workflow. REINVENT is a GRU based RNN 

model built within PyTorch (version 1.10.2). We train the RNN architecture on the enumerated virtual 

library allowing it to learn the syntax underpinning our peptide based gelators. Model training was 

carried out on a single GPU on Barkla on a Nvidia NVLink P100.49 From the trained RNN, we define our 

custom scoring function as follows for agent sampling.  
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Generating new molecules is a simple sampling procedure from the probability distribution of all 

SMILES characters within the training set at each time step in the RNN. Sampling begins with a START 

token and the molecule is built sequentially character-wise until the model samples the END token.40 

Once a molecules END token has been sampled, a scoring function is applied to the molecule to assist 

in the reinforcement learning for the generation of molecules with desirable G′ values. 

Like within the CReM model, for the sampled SMILES from the RNN, we first predict the gelation 

probability from the Python Classifier before predicting the G′ value for the sampled molecule using 

our PyMC3 BART model. If the molecule is not predicted to form a gel, our scoring function assigns a 

score of 0. If it is predicted to form a gel, the tanh function is again used and the score assigned by the 

function is taken as the score for our reinforcement learning scoring function.  The process is the same 

as that shown in Figure 5.7 and the model samples for a set number of steps (i.e. iterations). Scores 

for the sampled molecules for a step update the augmented likelihood for the next sampling step.   

5.2.2.2 Benchmarking  

 

To benchmark our RNN trained model, we again attempt to gauge its performance over a range of G′ 

values. The two hyperparameters of the RNN-RL model are the G′ value and the number of steps. The 

number of steps is the number of iterations to run the sampling for. We run the same G′ values as the 

CReM benchmark, 5000, 20000, 50000, 75000, 100000 and 150000. We run the algorithm for 100, 

500, 1000, 1500 and 2000 steps. We assess the performance of the model by, the time taken to run, 

the validity of the generated SMILES, the assigned scores from the tanh function and the similarity of 

the sampled molecules compared to the virtual library. Each hyperparameter pair (G′ and number of 

steps) was run on a single core of an Intel Xeon Gold Skylake processor with 9.6GB of memory.  
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5.3 Results and Discussion 
5.3.1 Exploration of virtual Library  
 

As the virtual library forms the basis of both generative approaches, we wish to get a general profile 

of the virtual library as a comparison baseline to track how the sampled molecules differ from the 

virtual library. Given their importance in the Python Classifier models, we will investigate the 

distribution of Num_Rings, Molecular_Solubility, ALogP and also include the Molecular_PolarSASA due 

to its importance in our R models (Chapter 2 section 2.3.2).  The distributions in Figure 5.10 will act as 

the comparator when we investigate the output from our de-novo methods.  

Given the size of the virtual library, the properties will be summarised and comparisons with our 

mutated datasets can be made with the average and standard deviation of the properties in the virtual 

library. For the virtual library, the AlogP has an average value of 1.11 (± 2.30) and spans from -7.68 to 

9.73. For the number of rings, the most common number of rings is 2 and spans from 2 to 10 rings. As 

for the Molecular_PolarSASA, the virtual library has an average value of 330.31 (± 68.28) with a 

minimum value of 159.13 and a maximum of 724.70. Finally the mean solubility is -7.50 (± 1.75) and 

spans the range -16.49 to -2.87.  

 



273 
 

Molecular properties of the virtual library 

 

 

 

 

Figure 5.10: Values for Num_Rings, Molecula_PolarSASA, AlogP and Molecular_Solubility for the virtual library.  
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5.3.2 CReM 

5.3.2.1 Running for set output length  

5.3.2.1.1 Timings  

 

To gauge the general time taken for the GA to produce 100 molecules for each starting molecule value 

and G′ value, we ran the algorithm 10 times with each pair of benchmarking values. For each G′ value, 

if the algorithm fails to produce 100 molecules after 100 iterations, it was assigned a time of 6000s. 

Each output contains 100 molecules that are the pareto optimal trade-off for that iteration between 

the distance to the desired value and the probability of gel formation (minimising the distance/ 

maximising the gel probability). Pareto sorting is a form of multi-objective optimisation48 whereby 

improving one dimension cannot occur without worsening a second dimension50 i.e. we cannot further 

maximise the score without the  gel probability decreasing. There exists a set of Pareto-optimal 

solutions that best maximise both the gel probability and the score from our model.  

Figure 5.11 shows the distribution of time taken to run the CReM generative algorithm ten times across 

our G′ and starting molecules hyperparameters. Across the range of G′ values tested there are 

numerous distributions with very large standard deviations, which are caused by runs that failed to 

complete. Overall, out of the 360 runs in total 52 (14.4%) failed to produce 100 molecules within 100 

iterations. The failures are more common for a G′ of 5,000 and for 2 starting molecules. 21 of the 52 

failures are when attempting to produce 100 molecules with a G′ of 5,000. 8 of the 10 runs of 2 starting 

molecules for a G′ of 5,000 failed to produce the 100 molecules.  

Given that the algorithm attempts to produce 100 molecules, it is somewhat unsurprising therefore 

that the number of failures decreases as the number of starting molecules tends towards 100. 5 

starting molecules results in 7 failures, 10 starting molecules has 11 failures, 20 has 4, 50 has 3 and 

100 also has 3. It is not always clear why some runs fail but could be attributed at low starting 

molecules to a smaller set of mutated molecules resulting in a decreased chance of in-domain points 

for prediction. This would result in empty iterations and increase the chance of a failure.   
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CReM Timings 

 

 

 

Since the failures skew the timings in Figure 5.11, replotting in Figure 5.12 with the failures removed 

gives a better indication of the time to complete. On the whole, when it does execute the script 

executes on a reasonable time scale (between 20 and 40 minutes). The smallest average time to 

execute is 1184 (± 411s) for 5 starting molecules with a desired G′ of 150,000 and the largest average 

time to execute is 2426s (± 536s) starting with 100 molecules with a desired G′ of 20,000. 

The time taken for the script to execute is predominantly determined by the mutation operation of the 

molecules. However, this is only impactful during the very initial mutation as each subsequent 

mutation is only carried out on a maximum of 10 molecules, whereas the initial mutation can be 

carried out on up to 100. This accounts for the relative similarity in the timings in Figure 5.12 and the 

general increased time to complete for starting molecules of 100.  

Figure 5.11: Distribution of the timings for 10 repeats for each hyperparameter (starting molecules and G′). Points that do not produce 100 
molecules after 10 iterations are assigned a time of 6000s. 
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Therefore, we have a script that will execute on average within 40 minutes with an upper bound of 

approximately 50 minutes, resulting in a process that is not too computationally expensive. However, 

next the performance of the model for each hyperparameter pair is assessed to gauge how close the 

molecules generated are from the desired value – it is worth the extra computational time if it results 

in more desirable molecules (in terms of desired G′).   

CReM Timings – Failures removed. 

 

 

 

 

 

 

 

Figure 5.12: Timings for the fixed output CReM algorithm considering only successful completions. 
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5.3.2.1.2 Distribution of closeness to desired value  

 

We assess the closeness to the desired value through the custom derivative of the tanh function 

(section 5.2.1.2) where values close to 1 indicate closeness to our desired value. Figure 5.13 shows the 

combined output from the 10 repeats of the script across all hyperparameter pairs in terms of their 

scores. The runs for a G′ of 50,000 are the most consistent in terms of average score across all starting 

molecules considered. The range of scores these runs encompass is small, ranging from 0.89 (± 0.07) 

for 5 starting molecules to 0.93 (± 0.06) for 20 starting molecules. This is a very narrow range of scores, 

raising questions about the similarity of the molecules in the output and how chemically diverse the 

output for these runs are – this will be investigated later in the chapter.  

For the remaining G′ values, there is more variation to the quality (in terms of closeness of G′ to the 

desired value) of the molecules generated by the CReM-GA. A desired G′ of 100,000 does produce a 

good range of average scores across starting molecules (0.93 to 0.82) with relatively small standard 

deviations (0.07 to 0.16). Performance is slightly worse on average for a G′ of 20,000 and 150,000 with 

average scores of 0.81 to 0.71 for 20,000 and 0.82 to 0.76 for 150,000. This gives confidence in the 

model to produce molecules for desired G′ of 20,000, 50,000 100,000 or 150,000 – provided that the 

outputs are chemically diverse.  

However, the performance of our model for G′ values of 5,000 and 75,000 requires improvement in 

terms of score. For a G′ of 75,000 there are some promising scores of 0.74, 0.7 and 0.72 for 2, 5 and 

20 starting molecules but the remaining starting molecules give average scores of 0.68, 0.67 and 0.66 

for 10, 50 and 100 starting molecules.  Performance is poorest overall for a desired G′ of 5,000 with 

scores ranging from 0.72 (± 0.21) for 5 starting molecules to 0.65 (± 0.13) for 50.  

Overall, the ability of the approach appears to be heavily dependent on the G′ value desired and it 

corresponds closely to the G′ values of the enumerated library. Figure 5.14 shows the distribution of 

the G′ values in the virtual library which shows a large density of molecules with predicted values 

around 50,000 and very small density around 5,000. However, there is also low density around 100,000 

and 150,000 which performs relatively well. Closer inspection shows that there are only 44 molecules 

in the virtual library with G′ values below 5,000 showing it to be at the very edge of our G′ range. This 

results in the molecules in the pool of 1,000 being further away from the desired value for 5,000 than 

any other G′ value. Compare this with the number of molecules with G′ above 150,000 of which there 

are thousands. It is therefore unsurprising that the 5,000 runs perform poorest overall.  
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 Distribution of CReM scores 

 

 

 

 

 

 

 

 

 

Figure 5.13: Distribution of score values for the 10 repeats across the G′ and starting molecule hyperparameters. 
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G′ distribution in the virtual library 

 

 

5.3.2.1.3 Is it learning? 

 

Since it appears that the score is varied depending on the G′ value, whether or not the CReM-GA is 

learning and mutating molecules with desired G′ properties is assessed in terms of the average score 

at each iteration.  

Figure 5.15 shows how the score changes as a function of the iteration. Given that our starting 

molecules are chosen by how close they are to the desired value, they are likely to possess scores close 

to 1 meaning that even by iteration 0 the molecules are within a region of chemical space that 

possesses a high score. Therefore, the prospect of improving as a function of iteration is unlikely and 

a plateau around the initial high scores would correspond to a successful run. For a G′ of 20,000 and 

50,000 there is a distinct plateau of the scores regardless of the number of starting molecules 

suggesting that the algorithm can stay in the high score region for these values. However, the approach 

suffers slightly in the score for 75,000 and 150,000 with an initial drop but the scores remain above 0.7 

at iteration 10.  

Desiring a value of 100,000 also begins to drop and drops to a lower average score than the 75,000 

and 150,000, dropping to 0.6 for 2 starting molecules. The remaining starting molecules do appear to 

plateau at 0.7 giving some comfort in its performance.  

Figure 5.14: Distribution of the predicted G′ values in the virtual library 



280 
 

However, like in the score distributions of Figure 5.13, the 5,000 runs quickly begin to drop to poor 

scores, reinforcing the difficulty for the approach to produce molecules with this G′ value which is 

unsurprising given the scarcity of these points in the virtual library suggesting it could be a value that 

few molecules possess.    

Average score as a function of iteration 

 

 

 

 

 

 

 

 

Figure 5.15: Average score for the 10 repeats across the G′ and starting molecule parameters. The shading is the range across the 10 repeats.  
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5.3.2.1.4 Molecular variation within outputs 

 

One potential drawback to running the CReM-GA for a set output length rather than for a set number 

of iterations is a lack of molecular diversity in the output if the GA runs for only a few iterations. To 

assess the molecular diversity of the output molecules, we calculate the Extended Connectivity 

Fingerprint (ECFP_4) and calculate the average pairwise Tanimoto similarity of the 2048-bit string 

within an output to gauge how similar, on average, the molecules within the set are to one another.  

The Tanimoto similarity is a similarity metric used commonly in binary sets. It calculates the ratio of 

the size of the intersection over the size of the union.51 Where the intersection is the number of 

elements that exists in both sets being considered (i.e. the same bit set in two separate ECFP bit strings) 

and the union is all bits in both molecules. It gives a ratio of the number of common bits between 

molecules and is a measure of their similarity.  

A popular threshold for the Tanimoto similarity is values about 0.85 classify two molecules as similar 

but this was defined within medicinal chemistry with the idea that molecules with similarity above 

0.85 are more likely to possess similar activity52 and work has shown that this is not always true and is 

heavily related to the descriptor used to compare the molecules.53 Other work into similarity 

thresholds comparing molecular similarity of drugs showed that a Tanimoto threshold of 0.5 using the 

ECFP_4 descriptors corroborated opinions from experts closely.54 Therefore, with no definitive 

thresholds for what constitutes similar molecules with Tanimoto similarity scores of 0.5 and below will 

be considered dissimilar.   

Interestingly, the results from Figure 5.16 suggest that there is very little difference in the similarity for 

each G′ value, regardless of the number of starting molecules chosen. It would be expected that there 

would be less similarity when the number of starting molecules is high as there are more molecules 

being mutated in the initial iteration resulting in a larger pool for consideration as candidates to be 

mutated in the subsequent mutation, however, this does not appear to be the case.  
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Average Similarity within each output 

 

To visually inspect the molecules across all outputs, we randomly sample 50 molecules generated 

throughout the procedure and compare the sampled molecules. Upon visual inspection, it becomes 

clear that the molecules retain their naphthalene linker unit upon mutation with all 50 molecules 

containing some form of naphthalene moiety. Histidine and indole moieties are also very common in 

the molecules even though they were only present as R groups (rather than naphthalene which formed 

the molecular backbone) in the virtual library.  

However, the molecules are rather similar in that they all remain some form of functionalised peptide 

(usually tri or tetrapeptides) with differing levels of R group functionality. Given that the molecules all 

seem to retain their peptide backbone, it is unsurprising that the similarity within each output remains 

high.  

 

 

Figure 5.16: Average Tanimoto similarity within the outputs for each starting molecule and G′ hyperparameter pair. 
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5.3.2.1.5 Molecular variation between iterations 

 

Since Figure 5.16 demonstrated that the molecules are generally similar to each other in the output it 

would be hoped that the similarity to the molecules in iteration 0 should decrease as the number of 

iterations increase as this would demonstrate the “migration” of the molecules to different chemical 

spaces. The results from iteration 0 were chosen as the starting point as they demonstrate the variation 

caused by mutations to the molecule rather than any variation in the initial pool, which varies in size 

based on the number of starting molecules. 

Figure 5.17 shows the average Tanimoto similarity of the molecules from each iteration with the 

molecules outputted from iteration 0. There is a modest decrease in similarity across all G′ and starting 

molecule pairs and by iteration 9 there are outputs with similarities to iteration 0 molecules below 0.5 

making them dissimilar outputs by the Tanimoto threshold set. 10 mols for a G′ of 150,000 has an 

average Tanimoto similarity between iteration 0 to iteration 9 of 0.41 making these sets dissimilar. 

There are 4 other runs with similarities below 0.5 for iteration 9, all of these for a desired G′ of 5000. 

There are 5 molecules (0.39), 20 (0.47), 50 (0.45) and 100 (0.49).  

Overall, this approach completes quickly (within 40 minutes) and has the ability to produce dissimilar 

molecules to those outputted from iteration 0 within 10 iterations. There are concerns about the 

scores produced for the G′ of 5,000 runs but overall the performance is promising.  

As well as considering the approach as a whole, it is worthwhile investigating the results of a single 

output. 20 molecules for a G′ of 50,000 is chosen as it is the best performing set of hyperparameters 

based on the average score. Of the 10 repeated runs, the one with the highest average score has been 

chosen as the single output to investigate.  
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Average similarity as a function of iteration 

 

 

 

 

 

5.3.2.1.8 Example output  

 

The run with the highest average score is repeat 2 and its output will be investigated. The molecules 

from this run are summarised based on their AlogP, Molecular Solubility, Number of Rings and 

Molecular Polar Solvent Accessible Surface area and compared to the virtual library. The run outputs 

a total of 100 molecules with the scores ranging from 0.63 to 0.99. Of these 100 molecules, none are 

also present in the virtual library showing that the CReM has expanded the chemical space somewhat. 

However, 57 are duplicates which suggests that there are duplicate molecules in each output and 

would explain the relatively high output similarity observed in section 5.3.1.2.5 - Molecular variation 

within outputs but still has the potential to mutate molecules back to their parent compound. In future, 

this would be fixed to ensure 100% novel molecules in the output.   

Figure 5.17: How the similarity of the molecules at each iteration to the results of iteration 0 varies as a function of iteration.  
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Figure 5.18 shows the distribution of values for the 100 molecules outputted by this run. The average 

AlogP is 4.38 (± 0.69) which is within the upper range of the virtual library. Each molecule sampled had 

5 rings whereas the virtual library more commonly has 2, 3 or 4 rings. The Molecular_PolarSASA was 

292.87 (± 27.58) which is similar to the average of the entire library of 330. Finally, for the solubility 

the average solubility was -10.82 (± 0.46) and is slightly lower than the average for the virtual library 

of -7.50.      

 

Example output molecular property distributions 

 

Figure 5.18: Distribution of the molecular properties for the example output with the virtual library distributions super imposed 
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The molecules with the highest scores are shown in Table 5.1. The molecules in the table highlight the 

disadvantages of this CReM approach. The fragment-based nature of the replacements during 

mutations results in structurally very similar molecules. If the modification is small enough, the change 

may result in minor or no difference in the molecular descriptors used to predict the gel state or the 

G′ of the molecule. This results in identical predictions for the mutated molecules and thus numerous 

analogues occupying the top spots in an output and is a contributory reason to the lack of dissimilarity 

between the outputs. The model uncertainty in this prediction also demonstrates some concern with 

the outputs. The standard deviation being larger than the predicted G′ results in little faith into the 

models predictions for these “good” molecules.  

To address this, in the future it would be useful to place either a Tanimoto similarity filter or include 

the similarity measure as an input to the pareto sort of all new molecules to be added to the output 

and only add the molecule if it is suitably dissimilar to the molecules already present in the set, say 

based on a 0.5 threshold. This would help produce more chemically diverse outputs.  

With this caveat, the CReM-GA approach does produce some novel molecules with desirable 

properties and should be considered a useful starting point for the generation of new molecules albeit 

one which requires optimisation. The CReM-GA approach will now be compared to the RNN REINVENT 

approach. The approach will be compared based upon the time to run and the quality of the generated 

molecules.  
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Table 5.1: Top 5 molecules from the 20 starting molecules 50,000 run based on score. 

Molecule  Score Iteration  P(Gel) Predicted 

G′ 

  0.999 2 0.91 

 
49,900 (± 

67,000) 

 0.999 2 0.91 

 
49,900 (± 

67,000) 
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 0.999 2 0.91 

 
49,900 (± 

67,000) 

 0.999 3 0.91 

 
49,900 (± 

67,000) 

 0.999 3 0.91 

 
49,900 (± 

67,000) 
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5.3.3 Reinvent RL 

5.3.3.1 Prior Validity + Uniqueness 

 

Before we can use our Recurrent Neural Network to generate new models, the Prior model which 

forms the starting point for all sampling in the agent needs to be validated. The prior model is the RNN 

model that was trained on the virtual library to learn the syntax of the SMILES strings in the virtual 

library. Each time the reinforcement learning is carried out, the probabilities for each character at each 

time-step is initialised as the final values during training of the prior.  

To validate the prior model, we generate 50,000 molecules by sampling from the prior and assess the 

molecule’s validity and whether they are also present in the enumerated library. The hope is that our 

prior model can successfully replicate and sample from our virtual library, similar to the sampling of 

the gdb-13 space work by Arús-Pous et al.55 As the agent learns, the hope would be that the number 

of molecules it samples that were also present in the virtual library would decrease, as it learns to 

sample new chemical space.  

Of the 50,000 sampled molecules 49,899 (99.80%) were valid molecules and of the valid sampled 

molecules, 47,121 (94.43%) of them were unique molecules. When comparing the valid sampled 

molecules to the enumerated library, 47,016 (94.22%) of the molecules were also present in the virtual 

library demonstrating that our prior successfully samples from the virtual library. Figure 5.19 shows 

the distribution of the molecular property parameters of the sampled molecules compared with the 

enumerated library.  

Given that a large proportion of the sampled molecules were also in the virtual library, the similarity 

of these molecular properties is unsurprising. Figure 5.20 shows the similar distributions of the 

Synthetic Accessibility of the sampled molecules along with the predicted G′ again showing significant 

overlap. The synthetic Accessibility (SA) of a molecule is a numeric measure that attempts to capture 

the ease of synthesis for a molecule.56 It is calculated using two terms, the fragmentScore and the 

complexityPenalty where the fragmentScore is calculated as the sum of all contributions by each 

fragment in a molecule. Each fragment is assigned a score based upon the prevelance of that fragment 

in the PubChem collection57. The complexity penalty is a number that summarises the presence of 

complex fragments in the molecule in terms of the ring and macrocycle complexity, size of rings and 

stereochemistry. 
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Molecular property distributions of the prior samples 

 

 

 

 

 

 

Figure 5.19: Distribution of the AlogP, Molecular_Solubility, Molecular_PolarSASA and Num_Rings for the virtual library 
(yellow) and the prior samples (blue). 
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Distribution of SA Score and G′ 

 

Figure 5.21 presents a random selection of molecules sampled by our prior RNN model. Each molecule 

sampled is a valid molecule and is also found to be present in the virtual library used to train the model.   

 

 

Figure 5.20: Synthetic Accessibility (SA) score and Predicted G′ for the virtual library (yellow) and the prior samples (blue). 
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Chemical depiction of prior samples  

Figure 5.21: Example sampled molecules from the prior model 
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5.3.3.2 Agent Timings 

 

Now that we have an underlying prior model that understands the syntax of our chemical space, we 

can use it, along with the agent, to generate molecules with the aim to minimise the difference 

between a desired G′ value and our BART model’s G′ prediction (see Chapter 4 Section 4.3.1 – G′ BART 

model). To assess the performance of our agent RNN we run the agent with the goals of generating 

molecules with G′ values of 5,000, 20,000, 50,000, 75,000, 100,000 and 150,000 (the same as the 

values desired in the CReM GBGA work (section 5.3.2)) to investigate the ability of the model to 

generate molecules across a range of G′ values.  

Before investigating the quality of the molecules generated – we investigated the time taken for the 

RNN to run for a number of steps (100, 500, 1000, 1500 and 2000 steps) 10 times for each combination 

of steps and G′. The range of steps were chosen as they give a range of values either side of the default 

number of steps of 1000. The number of steps can be thought of as iterations of our agent. Figure 5.22 

shows the distribution of the time taken to run the RNN across the range of G′ values for each number 

of steps considered.  

From Figure 5.22 it becomes clear initially that there is very little difference in the time taken for the 

RNN to execute for a given number of steps across all 6 G′ values considered with the shortest time 

taken for the RNN to run for 100 steps at 2079s (± 126s) and the longest at 2000 steps of 67024s (± 

6140s), giving a range of run-times between approximately 30 minutes and 18 hours. This is a very 

wide range of timings and much longer on average than the CReM-GA so it would be hoped that the 

scores would be high and the output diverse to justify running the RNN for that long.  
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RNN Timing Distributions 

5.3.3.3 Average closeness of generated molecules to desired value  

 

Since our aim is to generate molecule with certain G′ values, the average score of the output is 

investigated to gauge how well it does in generating high scoring (i.e. molecule with desired properties) 

molecules. Figure 5.23 shows that the model produces a significant number of non-gels (these are 

assigned a score of 0) resulting in a bimodal distribution showing that there are two distinct areas 

sampled by our model. Ideally, the number of molecules assigned a score of 0 should decrease as the 

model learns to produce molecules with preferable characteristics (see section 5.3.3.4 Is it learning? ). 

The plots in figure 5.23 show that the model can struggle to sample gels, particularly at G′ = 5,000, 

100,000 and 150,000. From the distribution plot of our virtual library in figure 14, it becomes apparent 

why this is the case. The density of G′ values is highest between 25,000 and 75,000 meaning that the 

chemical space the model has learnt is for molecules with G′ values in this range.  

Figure 5.22: Timings for the RNN Agent learning for 100, 500, 1000, 1500 and 2000 steps. 
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Average Score for the RNN model 

  

However, with the knowledge that a considerable amount of the sampled molecules are non-gels, 

Figure 5.24 shows the average score of the outputted molecules that are gels. Figure 24 here highlights 

further that the model was learnt on a dataset under sampled at a G′ of 5,000, 100,000 and 150,000. 

Scores for a G′ of 5000 are poor ranging from 0.38 (± 0.13) for 100 steps to 0.44 (± 0.13) for 1500 steps. 

Performance is still poor at a G′ of 150,000 with the highest score 0.53 (± 0.21) 

However, in the G′ = 100,000 plots there are some distributions at scores > 0.6, giving hope that there 

are some molecules sampled with good G′ values. Here, the best performing runs for 100,000 is 1500 

steps with an average score of 0.66 (± 0.19).  

For a G′ of 20,000, 50,000 or 75,000 the results are much more promising. Average scores ranging from 

0.86 (G′ = 20,000 for 1500/2000 steps) to 0.68 (G′ = 75,000 for 100 steps) shows that there are 

molecules sampled from these runs with values close to those desired.  

 

Figure 5.23: Average scores for the output from each run. 
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Average Score for the RNN model – Non-gels removed 

 

 

 

 

5.3.3.4 Is it learning? 

 

Since the RNN is being ran for a up to 2000 steps resulting in long time to complete (up to 18 hours on 

current architecture) it would be hoped that some of the poor average scores in Figure 5.24 are being 

hampered by poor initial performance and that scores in later steps would be high. To investigate this, 

the average score as a function of step is plotted in Figure 5.25 to gauge if the RNN is learning to sample 

not only molecules that are predicted to form gels but those that possess favourable G′ values.  

From Figure 5.25 there is a degree of learning that occurs quite quickly (in the case of G’ values of 

20,000, 50,000 and to a lesser extent 75,000) before a plateau for these values between 500 and 1000 

steps. For the G′ of 20,000 and 50,000 there is no obvious increase in average score from 1000 to 2000 

steps so the results from 1000 steps onward don’t warrant running the algorithm for twice as long.  

Figure 5.24: Average scores of the sampled molecules that are predicted to form gels. 
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Again, G′ of 100,000 does improve but remains poor with an average score of approximately 0.50 after 

200 steps. For 5,000 and 150,000 there doesn’t appear to be any learning across the 2000 steps with 

the scores after 2000 steps being very similar to those at iteration 0. The results suggest that the virtual 

library G′ values become the limiting factor for both the RNN and the CReM-GA. If there were more 

points in the virtual library at these values it is reasonable to expect comparable performance to 

20,000, 50,000 and 75,000. For the remaining analysis, work will focus on the 20,000 and 50,000 runs 

for 500 and 1000 steps as these offer the best average score and the time to run for the 500 and 1000 

steps is considerably quicker than 1500 and 2000 with marginal improvement in average score.  
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Average score as a function of step 

 

 

 

 

 

 

 

 

 

 

 

Figure 5.25: Average score at each iteration for each number of steps. 
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5.3.3.5 Assessing the output 

  

Figures 5.26a-c display the molecules sampled at each step for the 20,000 and 50,000 runs of 500 and 

1000 steps in terms of their validity, uniqueness with respect to each other and uniqueness in terms 

of their presence or absence in the virtual library. Figure 26a shows that the RNN has done a good job 

learning the syntax of SMILES from the virtual library as for every step, over 80% of the molecules are 

valid with the fraction eventually plateauing at around 0.95 resulting in an average validity of 95% for 

these later runs.  

Figure 5.26b shows that the model very rarely samples the same molecule more than once which is 

unsurprising given that there is a check for this as part of the RNN. However, the plot in 5.26c is 

concerning for the results of the RNN approach and indicate a downfall in the approach. Although the 

percentage of molecules sampled from the prior model was very high (94%), the hope was that as the 

agent sampled, it would explore new chemical space. Although it does appear to be learning not to 

sample molecules in the virtual library – the time taken it takes to do this is concerning. As the number 

of steps approaches 1000, the model is still sampling over 80% of the molecules from the virtual library 

and given that 1000 steps takes approximately 8 hours to run – to only be sampling 20% of completely 

new and unique molecules after this length of time is concerning.  

This lack of novelty in the sampling suggests a lack of diversity in the virtual library used to train the 

prior. This could be due to the relatively small number of molecules used to train the RNN (500,000) 

which is smaller than reported examples that use 1.4 million molecules58, and 1 million molecules55. 

Learning on a larger and more diverse set of molecules may allow more flexibility to be learnt by the 

prior which would pass on to the agent through the augmented likelihood. Moreover, how 

conservative the model is when sampling can be tuned through adding a parameter which applies a 

function to the probabilities at each time step to either increase or decrease the probability of each 

sequence to allow more flexibility in the sampling procedure used to generate new molecules.33 

Though this increased flexibility is a trade-off with validity as the model would begin to sample in 

regions of chemical space it hasn’t learnt. 

Overall, the RNN approach has the potential to produce novel molecules with desirable G′ profiles but 

requires optimisation to improve the quality of the output. The RNN along with the CReM-GA both 

appear to be heavily impacted by the distribution of G′ values in the virtual library and this causes both 

approaches to struggle at low and high G′ values.  
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Validity, Uniqueness and Novelty as a function of steps 

Figure 5.26: a) Fraction of Valid molecules at each step b) Fraction of the valid molecules that are not-duplicates and c) Fraction of valid 
molecules not also present in the virtual library. 
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5.3.3.6 Visual Inspection of an output.  

In the CReM runs (Section 5.3.2) we visualised the best performing molecules from a benchmarking 

run (Table 5.1). We replicate Table 5.1 to assess the output of the RNN with the highest average score 

(G′ = 75,000, steps = 500) which is shown in Table 5.2. Visually there appears to be more variance in 

the molecules with the highest score in the RNN output than the CReM output (Table 5.1) with the 

RNN output not showing the same propensity to favour the same backbone with slight R group 

modification.  

However, although these molecules are more diverse relative to those in the CReM output – the 

molecules here have a gel probability much closer to the decision boundary (~0.6 here vs 0.9 in Table 

5.1). Moreover, the standard deviations in the predicted G′ values become ridiculously large (maxing 

out at almost 250,000). Visual inspection of the distribution of the samples for these predictions shows 

that the standard deviation is majorly impacted by large outliers in the sampling procedure. This 

suggests that there needs to be some post-processing of the prediction distribution to remove values 

that are clearly outliers which should result in a more meaningful prediction standard deviation.  

Table 5.2: Visual inspection of the best perfoming molecules from the RNN run with the highest average score. 

Molecule  Score Step  P(Gel) Predicted 

G′ 

  

0.999 15 0.66 75,000   

(± 92,000) 
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0.999 71 0.60 75,000 

(± 142,000) 

 

0.999 122 0.63 75,000 

(± 142,000) 

 

0.999 160 0.63 75,000 

(± 142,000) 
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0.999 340 0.61 75,000 

(± 297,000) 

 

 

5.4 Conclusions 
 

In this chapter, two promising generative approaches are presented that can generate molecules with 

a desired storage modulus. However, both approaches require some improvement. With that said, 

both approaches lay the foundations for a potentially powerful approach to generate molecules that 

form gels with a desired storage modulus.  

Looking forward, the lack of diversity in the CReM-GA approach could be addressed by adding a 

similarity check based on the Tanimoto similarity of each new candidate molecule to those already in 

the output. Moreover, fixing the duplicate molecule check will also allow for more diverse molecules. 

Given the lack of diversity in the sampling of the RNN model, there are two potential approaches to 

address this. Firstly, training a model on a large dataset like the ChEMBL dataset, which isn’t specifically 

in the dipeptide/tripeptide chemical space of the BART models would allow for greater variety in the 

prior model and learning on a larger more diverse set should reduce the level of sampled molecules 

also present in the training data. Moreover, the sampling approach can be modified to set how 

conservative the model is when sampling. Altering the probabilities for each SMILES character at each 

time step, which are defined by the prevalence of each character at that particular time step in the 

training set, to give greater probability for less likely characters would allow for more liberal sampling 

but comes with the added risk of more invalid molecules sampled. 
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5.5 Outlook & Future Work  
 

Low molecular weight gels have the potential to impact society in a variety of innovative ways. 

Whether this will be felt most in medicine as drug-delivery mediums, in sensing as a form of pollution 

clean-up or in materials as a source of 3D-printing material remains to be seen. However, before their 

impact can be felt, there are many hurdles to overcome in the field.   

Although these materials are exciting, the lack of design rules, the role of isomerism in gel formation 

and the variability in mechanical properties based on gelation method are just some of the hurdles 

that these materials face. The work presented in this thesis attempts to begin to address some of these 

by building upon already published work and presenting novel work that attempts to push the state of 

the art in the field.  

Chapter 2 focused upon attempting to address the lack of design rules for gels through the use of 

interpretable machine learning. From this chapter, we have managed to derive conclusions around 

which molecular fragments are important for promoting and negating gel formation. Although these 

models are an important step towards a greater understanding around gelation, there is still room for 

improvement.  

Given the nature of gel formation, the role of isomerism cannot be overlooked when making 

predictions as to whether a molecule is likely to gel. However, currently, the models presented in 

chapter 2 would give the same prediction for two stereoisomers. Therefore, there is scope to further 

extend these models by incorporating descriptors that consider 3D information about the molecule to 

allow the model to distinguish between stereoisomers. However, consideration into which type of 3D 

descriptor is chosen is needed to minimise the performance impact, from the extra computation 

needed for 3D over 1D descriptors, on the generative models in chapter 5.  

Chapters 3 and 4 both attempt to address the hurdles around mechanical properties of gels. Again, the 

isomerism debate is pertinent here as any difference in the gel formation caused by isomerism will 

carry forward into the gels mechanical properties. The models in chapter 4 would benefit from further 

training with additional data points which would hopefully result from the generative models created 

in chapter 5. These new models would have lower uncertainty as the model has a greater 

understanding of the underlying relationship between molecular structure and rheology.  

Chapter 5 is the culmination of the previous chapters and lays the foundation of an approach that have 

the potential to accelerate and diversify the library of known gelators. The approach could act as a 
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feedback loop, with the results of the CReM and RNN models being experimentally validated and being 

used to update the classification and regression models. 

For this to occur, improvements must focus on the generation of novel molecules and address the 

concerns of chapter 5. Namely, the diversity of the generated molecules needs to increase by either 

using a more diverse library as the training set for the RNN model or by introducing a temperature 

parameter that governs how conservative the model is during sampling.  

Linking to the limitations of the models in chapter 4, any gels successfully synthesised and whose 

rheology is experimentally validated should be introduced as training set points to update both 

classification and regression models. If the molecules are chemically dissimilar to the molecules in the 

original training sets, this has the benefit of making the chemical space in which the models are 

applicable larger and allows for a further expansion of the gel chemical space.  

Overall, this thesis has created a workflow that could be harnessed to accelerate the discovery of new 

and exciting low molecular weight gels to allow these materials to be rapidly discovered. Any 

minimisation of wasted time in the traditional trial and error discovery of novel low molecular weight 

gels will accelerate the realisation of the potential of these materials.  
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5.7 Appendix  

5.7.1 Virtual Library Structures  
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List of Supporting Information 
 

All files and data presented in this thesis can be found at: 

https://datacat.liverpool.ac.uk/id/eprint/1767 

 

It contains a zip file with the following structure: 

Chapter 2 - Classification Models 
 
For each descriptor set explored in the chapter the data in this folder is as follows: 
 

• Contains Pipeline Protocol protocols for descriptor calculation  

• Contains R scripts for data cleaning and model building (True and randomized models) 

• Contains R objects containing the trained classifier models for each algorithm explored in 
Chapter 2. (True and randomized models) 

• Contains R and Python scripts that carry out the SHAP model interpretation (all except 
fp_as_bits).  

 
Chapter 3 - Non-Bayesian Regression 
 

• Contains Pipeline Protocol protocols for descriptor calculation  

• Contains R scripts for data cleaning and model building (True and randomized models) 

• Contains R objects containing the trained regression models for each algorithm explored in 
Chapter 3 and each data set generated. (True and randomized models) 

• Contains R and Python scripts that carry out the SHAP model interpretation. 
 
Chapter 4 - Bayesian Regression 
 

• Contains Python scripts for: 
 - Descriptor calculation 
 - Model Building (True and randomized models) 
 - SHAP analysis. 
 
Chapter 5 - DeNovo Generation 
 

• Contains python scripts for the genetic algorithm 

• Contains the necessary scripts to train a Recurrent Neural Network using the approach 
undertaken in Chapter 5 and also contains a range of trained models.  

 

• Contains benchmarking work including: 
 - Scripts used to run the benchmarking 
 - Outputs for each run 
 - Scripts used to analyze the benchmarks.  
 

 

 

https://datacat.liverpool.ac.uk/id/eprint/1767
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