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SUMMARY

The trillion-dollar drug development industry depends on high-quality data to guide decision making pro

cesses. Many drug candidates work by targeting specific biological sites within disease-causing cells, often 

entering via passive diffusion through the cell membrane(s). We have previously developed a solution-state 
1H NMR spectroscopy assay that calculates comparative membrane adhesion and permeation factors for a 

drug candidate, aiding the design of effective, selective drugs that demonstrate minimal off-target (side) ef

fects. However, the uptake of this assay into standardized drug development processes is limited because of 

the lengthy specialist manual workflows required to process the raw spectral data. Herein, we automate and 

validate the analysis of this assay, outputting high-quality data to remove this limitation, improving 

data accessibility, increasing assay throughput, experimental reproducibility, and interoperability with other 

workflows.

INTRODUCTION

Antimicrobial resistance (AMR) and cancer are two of the greatest 

health risks facing humanity today. Global AMR-related deaths 

were estimated at 4.71 million in 2019,1 which is predicted to rise 

to 10 million per year by 2050,2 due to several factors, which 

include but are not limited to ease of availability of antibiotics, 

excessive use in food-producing animals, and lack of resistance 

development surveillance.3 In comparison, 9.7 million deaths 

were directly attributed to cancer in 2022,4 which is predicted to 

grow to 18.5 million by 2050.5 This predicted rise in deaths is attrib

uted to factors including the aging global population,6 and the gen

eration of resistance to currently marketed anticancer agents.7

Therefore, there is an ever-present and growing need for the devel

opment of antibiotics and anticancer agents. However, the devel

opment of therapeutic agents is expensive, with the development 

of an antibiotic reportedly costing $1.2 billion.8 These are costs that 

are difficult to absorb within this area of the pharmaceutical sector, 

despite recent initiatives, due to diminished financial returns result

ing from limited use of a safeguarded drug of last resort.9–13 In 

comparison, anticancer drug development costs can be more 

easily absorbed by this area of the pharmaceutical sector.14

However, the development of drugs in this area is limited by 

the undesirable side effects created when an anticancer drug 

elicits a biological effect on a normal non-disease cell. Therefore, 

ensuring anticancer drug cellular selectivity is incredibly impor

tant.15 The majority of drugs developed to treat both AMR and 

cancer elicit a therapeutic effect either through adhering/disrupt

ing with the cell surface membrane(s), or by interacting with a 

biological target inside the disease cell, meaning that the drug 

molecule must gain cell entry by passing through the cell mem

brane(s), a process which is often facilitated via passive diffusion 

through the phospholipid bilayer. Interestingly, although the 

composition of the phospholipid bilayer is known to be very 

different between prokaryotic (e.g., bacterial) and eukaryotic 

(e.g., fungal or human) cells, a change in the phospholipid 

composition of mammalian cells is known to be one of the first 

physiological changes to be observed when a cell becomes 

cancerous.16

To decrease the costs associated with drug development, we 

previously developed an accessible solution-state 1H NMR 

spectroscopy assay to remove these limitations. Through the 

calculation of parameters associated with the adhesion (mem

brane adhesion factor—MAF, Figure 1A) of drug candidates to, 

and permeation through (membrane permeation factor—PF, 

Figure 1B) cellular membranes; we can ensure a drug candidate 

reaches and successfully interacts with the desired biological 

target, while simultaneously supporting the development of 

drugs which display a greater degree of cellular selectivity to

ward a diseased cell over a non-diseased cell.17

The MAF and PF for a drug candidate are calculated from four 

different 1H NMR spectroscopy experiments, containing 
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vesicles created from the phospholipids of target cells or com

mercial sources. Each of these different NMR experiments con

tains different combinations of vesicle (V), paramagnetic (PRE) 

NMR silencing agent, and drug/drug candidate.

The resultant 1H NMR spectra are first phased and baseline 

corrected automatically, with further manual phasing applied 

as necessary. The intensity from individual peaks on each spec

trum is used to calculate the MAF and PF.17 Although this assay 

demonstrated the potential to transform anticancer and antimi

crobial drug development processes, one limitation stopping 

the throughput is the time taken to run the analysis of the four 

NMR spectra, taking an average of 690 s.

In this paper, we address the limitations in analysis by auto

mating the workflow to remove bottlenecks associated with 

both spectral processing and subsequent data analysis, thereby 

reducing the average analysis time by 223 s per set of four NMR 

spectra (termed the experiment), removing the data analysis 

time as a limitation of assay throughput and subsequent use. 

During this process, the original scientific findings were not chal

lenged.17,18 To validate both the assay and the automated anal

ysis, we reproduced the calculation of a subset of published 

MAF and PF values through reprocessing of the corresponding 
1H NMR spectra. In addition, we implemented the necessary 

procedural and cultural changes, including the adoption of stan

dardized naming conventions, to enable data centralization and 

metadata tagging that support automated analysis. This 

approach generates high-quality, searchable, and reproducible 

datasets in a manner that is generalizable to other workflows 

for audit and structure activity relationship studies.

Methods

Outlines the tools and how we have automated the processing of 
1H NMR 1D spectra to calculate MAF and PF, manual processing 

methods used, as well as how the two methods to validate the 

automated factor calculation (AFC), have worked as intended.

Tools and software used

For the automation of the NMR spectroscopy permeation work

flow, Splashlake Software19 was used as the data management 

system, while Python was used to process the data. For phasing, 

transformation, and baseline correction, a process for cleaning 

spectra before interpretation, the 1H NMR spectra, TopSpin 

software was used.20 Manually phased (MP) and automatically 

phased (AP) spectra were processed using the manual and 

AFC methods and compared to published results17,18 to ensure 

reproducibility and experimental validity.

Automated data processing of NMR spectroscopy to 

calculate PF and MAF values

Raw NMR spectroscopy data were obtained as .fid files for all 

four experimental conditions using a Bruker NMR spectroscopy 

600 MHz machine fitted with a cryoprobe, Step 1 in Figure 2:

These data were opened in Topspin software (Figure 2, Step 

2), where the spectra were also AP and baseline corrected (AP) 

using the following commands: efp, apk, and abs. Additional 

manual phasing and baseline correction (MP) was undertaken 

as necessary. The spectra folders were named using the naming 

convention shown in Figure 3, and saved to a monitored folder. 

The data, once copied to the monitored folder by the researcher, 

were automatically detected and subsequently uploaded to 

Splashlake, where processing was automatically triggered 

(Figure 2, Step 3). The files are tagged with metadata from the 

file name using regular expressions.

On upload, the. fid and 1H NMR 1D spectra files are program

matically transformed into Analytical Information Markup Lan

guage (AnIML)21 files for each experiment (Figure 3, Step 4). 

PPM ranges for each compound/Co-formulation were identified 

and added to the PPM ranges file by the researcher (Figure 2, 

Step 5). On generation, the AnIML files, containing the raw 

NMR spectra data for all four experimental conditions, and the 

Figure 1. A cartoon illustrating 

(A) a drug candidate adhering to a phospholipid membrane (B) and subse

quently permeating through the phospholipid membrane of a target disease 

cell.

Figure 2. A flowchart to show an overview of the automated NMR 

permeation workflow 

A flowchart to show an overview of the automated NMR permeation workflow 

1–7, with (A–D) the specific steps taken in the Python processing workflow.
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PPM ranges file were sent, via an application programming inter

face call, directly to the Python processing scripts (Figure 2, Step 

6). Summary files were then generated and uploaded back to the 

Splashlake data management system with the same naming 

conversions. All files are searchable by their metadata 

(Figure 2, Step 7).

Python is used for MAF and PF calculation, the PPM ranges 

are retrieved from the PPM ranges file, Step A (Step 3 and 5), us

ing the metadata from the naming convention shown in Figure 4.

Step B, spectral data are extracted from the AnIML files and 

loaded into a DataFrame in Python, where the spectra axis 

was standardized around the peak of the 1H NMR spectroscopy 

standard (DSS in this study), as shown in Figure 5, between − 0.2 

and 0.2 PPM.

The DataFrame containing the calibrated spectra was 

searched over the defined PPM range. The maximum intensity 

calculated for each peak within the defined PPM range. The 

overall mean intensity for all PPM ranges with the experiment 

was then calculated. Equations 1 and 2 were used to calculate 

the MAF and PF using the intensity for each PPM range as well 

as the overall mean for all PPM ranges.

MAF =
IVesicles

Ino Vesicles 

Equation 1: An equation to show the calculation of MAF.

PF =

(
IPRE

InoPRE

)

Vesicles(
IPRE

InoPRE

)

no Vesicles 

Equation 2: An equation to show the calculation of PF.

All metadata related to the experiment, alongside the calcu

lated MAF and PF values, were added to the results 

DataFrame for each peak range. These data are saved as both 

CSV and AnIML files, which are uploaded to the Splashlake 

data management system, Step C. Figure 6 shows how the 

AnIML files are displayed within the Splashlake data manage

ment system, with an interactive 1H 1D NMR spectra displaying 

the processed, normalized data collected from the four experi

mental conditions overlayed. The AnIML file was then used to 

validate the data, naming conversions, and PPM ranges.

The results from each of the four 1H NMR spectroscopy exper

iments were then summarized in a CSV file, and concatenated 

into a results summary file, Step D, which contained the following 

data: PF; MAF; compound 1 identifier; compound 2 identifier (if 

present); concentration of compound 1; concentration of com

pound 2 (if present); PRE, experimental repeat number, V type. 

Steps A-D are from here on referred to as auto factor calculation 

(AFC).

Finally, details relating to the PF and MAF are added to the 

summary file by the following criteria. If the MAF is greater than 

or equal to 1, there is no detectable compound-membrane adhe

sion event, whereas if the MAF is less than 1, a compound-mem

brane adhesion event is present. The strength of these interac

tions increases as you move from 1 to 0. Similarly, if the PF is 

less than or equal to 1, there is no detectable membrane perme

abilization event by the drug (candidate), whereas if the PF is 

greater than 1, there is evidence that the drug/drug candidate 

has successfully permeabilized the phospholipid membrane of 

the vesicle.17

Manual data processing of NMR spectroscopy to 

calculate PF and MAF values

Spectra collected and transformed from a. fid file to a 1D spectra 

file, Step 1, Figure 7. Spectra undertake auto-phasing (AP). Addi

tional manual phasing (MP) was undertaken as necessary, Step 

2, Figure 7. Peaks were picked, and peak intensities were calcu

lated using Topspin, Step 3. The peak intensities were then 

copied into a spreadsheet template to enable the calculation of 

MAF and PF values, Step 4. Steps 3–4 are from here on referred 

to as manual factor calculation (MFC).

Validation methods

To verify the accuracy of the automated and manual processing 

workflow, results were validated against a subset of accepted, 

quality-assured published data.17,18 They were also compared 

to manual processing repeats, completed herein, using a group 

of researchers using the same spectra used for the generation of 

published results. The validation dataset comprised nine 

different experiment examples, including controls, compounds, 

and co-formulations containing multiple compounds. The struc

tures and compositions of which are shown in Figure 8. Through 

Figure 3. The file naming convention used in the NMR spectroscopy 

permeation workflow

Figure 4. A flowchart detailing the method of automated PPM range 

identification.
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this process, we are also able to assess the limitations and repro

ducibility associated with the calculation of MAF and PF values 

using both manual and automated data processing methods. 

Each experiment is discrete with unique PPM ranges. As we 

are not reinterpreting the scientific findings of the original work, 

the most complex spectra to be MP were selected for incorpora

tion within this study to most challenge the algorithm developed 

within this work and to better understand the largest impact of 

phasing on the MAF and PF values.

There are four possible validation process routes to process 

the NMR spectra to calculate the MAF and PF factors outlined 

in Figure 9. Route A: is AP followed by automatic factor calcula

tion (AFC). Route B: is AP followed by MFC. Route C: is MP fol

lowed by AFC. Route D: is MP followed by MFC.

These four distinct routes of analysis are used to validate 

the automated processing workflow. Our aim was to see if 

the automated processing workflow (Route A and Route C) 

could replicate results from manually processed validation re

sults (Route B and Route D). Also comparing with results up to 

publication standard, where the spectra had been correctly 

phased and therefore assumed to be the most accurate 

(Route D).

Figure 5. Overlaid 1H NMR spectra exempli

fying spectral axis calibration. Right: 1H 

NMR spectra before standardization. Left: 
1H NMR spectra referenced to 0 PPM, post 

standardization.

Figure 6. The output generated from the AnIML file as it is displayed 

in Splashlake. The file is split into three sections 

(A) The raw NMR spectra collected for the experiment displayed as an inter

active graph; (B) the MAF and PF value; (C) summary of all metadata.

First, we compare the results from 

MFC (N = 8 repeats per experiment), 

Route B, with the results from AFC, Route 

A, where the input spectra are both AP, 

and factor calculation is the only cause 

of variation. We also visualize these results with published re

sults18 (Section: Comparing Route A to Route B to verify MFC 

and AFC effectiveness).

Next, we explore the variation that phasing has on the MAF 

and PF. We do this by comparing Route A results to Route D 

(N = 6 repeats per experiment) to explore some instances 

when the value calculated from Route A was larger than the up

per quartile of the validation set for Route D. (Section: Comparing 

Route D with Route A to assess the impact of phasing).

We wanted to explore whether this was due to factor calcula

tion or differences in the input spectra due to differences be

tween MP and AP. To do this, we took a subset of MP validation 

spectra (N = 3 repeats per experiment), ran these through the 

AFC algorithm (Route C) with constant PPM ranges. Therefore, 

the only variation was in the input spectra. We compared Route 

C with the results from Route A and published results overlaying 

the signal-to-noise published error. To explore the reasons for 

the differences found, we explored the results for co-formula

tion H for Route A and Route C, where there is no variation in fac

tor calculation, as both are completed using AFC. Therefore, the 

only variation is between MP and AP (Section: Exploring Route D 

and Route C and the co-formulation H experiment).

Finally, we compare the time taken to run the MFC and AFC to 

get an idea of the time saved from using AFC (Section: Time 

saving on analysis due to AFC when compared with MFC).

RESULTS

For conciseness, the results from the manual validation have 

been summarized in Table 1, we have also included other con

trols and SSAs which are not part of the validation to allow for 

a more complete comparison. Generally speaking, AFC has an 

agreement with MFC within published error, examples where 

this is not the case are explained herein.

Comparing Route A to Route B to verify MFC and AFC 

effectiveness

A validation dataset of N = 8 experimental repeats is used to 

compare Route B processing with Route A processing. This is 

used to directly compare AFC and MFC as the input spectra 

are the same for both. The results are visualized in Figure 10, 

where both MAF and PF validation datasets are presented indi

vidually and summarized as boxplots.

When considering the processing of this workflow, two 

sources of uncertainty were identified. These sources of 
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uncertainty centered around the manual phasing and ‘‘peak 

picking’’ analysis of the 1H NMR spectra used to calculate 

the PF and MAF values. This is because these processes 

are subject to the interpretation and judgment of the individual 

researchers performing these data processing tasks as to 

whether they have been completed accurately or not.22

When ‘‘peak picking,’’ uncertainty can arise due to the re

searcher’s discretion relating to the number of NMR reso

nances to undergo ‘‘peak picking’’ within the PPM range 

defined for that experiment, which is also defined by the re

searchers undertaking the MFC and standardized across 

AFC analysis. The variations in Route B processing were 

solely due to the MFC, peak picking, intensity calculation, 

and use of the processing templates to calculate PF and 

MAF, as the input spectra are consistent.

Figure 10 shows how controls Glycerol and Tryptophan had 

the lowest standard deviation (SD), with the more complex co- 

formulation spectra showing the highest variation, see Table 1. 

This is to be expected as the controls are fewer complex spectra 

to process. This displays the assumed knowledge required as 

well as the variations that can occur within MFC, particularly 

regarding more complex spectra. We explored the data for 

some of these outliers and found the variation was due to peak 

selection. The number of peaks chosen from each range is not 

consistent across each spectrum within the experiment. This 

highlights the need for reproducibility, consistency of PPM range 

selection, and high-quality summaries of each experiment, 

assured using the AFC workflow. Both published and Route A 

data are within the spectra signal-to-noise error of the spread 

of the Route B validation subset (PF = ±0.1; MAF = ±0.05) and 

within the SD of the median value for all points, aside from PF 

SSA1, which we deem to be within acceptable rounding error, 

see Table 1.

Figure 7. A flowchart overviews the 1H NMR spectroscopy assay 

workflow without automations.

Figure 8. The structure and chemical 

composition of molecules used within 

each validation dataset.

Figure 9. Depicts the four combinations of manual and automated 

processing used to validate the accuracy of the automated pro

cessing workflow and the impact of phasing on the MAF and PF.
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Comparing Route D with Route A to assess the impact of 

phasing

Having verified that the AFC was producing results within an 

acceptable spread of the MFC values given the same input 

spectra, we have compared the Route D to the Route A results 

as well as published results, as shown in Figure 11.

There is increased SD in the Route D validation dataset 

compared with Route B, see Table 1, which is to be expected 

given the added variability of MP. These results can be impos

sible to reproduce using current MFC methods as the raw anal

ysis templates, spectra files are not published and often lost 

when the researcher running the analysis moves on. Within the 

AFC, the PPM ranges, spectra, and results files required for re

processing are centralized with a robust naming convention, 

making this less likely.

Errors in calculated MAF and PF due to sample preparation 

(e.g., pipetting error) also impact the validity of results, in addition 

to the analysis of the experimental data itself. With further errors 

produced through the manual data copying/processing and the 

saving of spectra files (such as may be the case for the MAF 

values generated originally for SSA5). Though never possible 

to completely remove, manual errors will be greatly reduced in 

the AFC with a centralized automated processing workflow 

due to the greater ease for checking results, robust file naming 

conventions, and sharing of files. The automated generation of 

a summary file and relevant researcher checks help ensure 

correctness.

When exploring the MFC templates, we found that some of the 

outliers (MAF and PF values outside the whiskers of the boxplots) 

in Figure 11 were due to intensity measurements not reducing by 

a constant amount, likely due to phasing and baseline correction 

causing variation in the MAF and PF, as well as inconsistencies in 

the number of peaks selected across the experiment, as 

mentioned above.

Table 1. PF and MAF values calculated through manual factor calculation (MFC) processes and via automatic factor calculation (AFC)

Experimental dataset MAF MFC MAF AFC (Route A) MAF Published (Route D) PF MFC PF AFC (Route A)

PF Published 

(Route D)

Automatically phased 1H NMR spectra (Route B for MFC)

Glycerol17 0.88 ± 0.03 0.88 0.9 1.08 ± 0.03 1.08 1.1

Tryptophan17 0.94 ± 0.03 0.92 1.0 1.04 ± 0.02 1.06 1.0

SSA118 0.94 ± 0.01 0.96 0.94 1.01 ± 0.32 1.04 1.01

Co-form D18 0.89 ± 0.05 0.79 0.83 1.05 ± 0.11 0.90 1.03

Co-form J18 0.53 ± 0.17 0.53 0.56 1.13 ± 0.35 1.29 1.11

Manually phased 1H NMR spectra (Route D for MFC)

SSA418 0.33 ± 0.04 0.39 0.38 1.48 ± 0.82 1.68 1.48 ± 0.3

SSA518 0.97 ± 0.53 0.78 0.38 0.71 ± 0.34 0.84 0.67

Co-form H18 1.44 ± 0.35 1.51 1.66 ± 0.3 0.55 ± 0.36 0.82 0.52

Spectra processed for comparison with the published values

Ethanol17 Not undertaken 0.98 1.0 Not undertaken 1.44 1,5

HCT17 Not undertaken 0.69 0.7 Not undertaken 1.32 1.3

Tryptophan17 Not undertaken 0.92 1.0 Not undertaken 1.06 1.0

SSA 218 Not undertaken 0.88 0.88 Not undertaken 0.79 0.85

SSA 318 Not undertaken 0.00a 0.00 Not undertaken 0.00a 0.00

Error quoted represents ±1 SD. This error cannot be calculated for the route A data, as there is no variation given the same input spectra. Published 

MAF and PF values, obtained through manual processing methods. Values provided for co-formulations (co-form) are representative of the mixture, 

unless only one molecule is detectable. PPM ranges in the AFC reflect this. Published error unless otherwise stated: PF = ±0.1; MAF = ±0.05.
aSSA 3 adhered to the vesicles to the point that no signal was seen within the spectra.18

Figure 10. Boxplots of MAF and PF of Route B values produced by 8 

different researchers 

Individual MAF (A) and PF (B) values calculated from Route B by each of 

these 8 researchers are illustrated by the gray dots. Values produced 

from Route A (blue, Table 1) and previously published values (red, 

Table 1) have been superimposed to enable comparison but are not 

included in boxplots.
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Exploring Route D and Route C and the co-formulation H 

experiment

Route A overpredicts PF when compared to Route D processing, 

as shown in Figure 11. To understand whether the AFC algorithm 

or the input spectra caused these inaccuracies in PF, we 

compared the results from Route C processing. Figure 12 shows 

the subset of N = 3 experiment analysis repeats for SSA4, SSA5 

and Co-form H. The 1H NMR spectra were phased by three 

separate researchers with a constant PPM range used by the al

gorithm, and the input spectra were the only cause of variability. 

Route D results from the same input spectra as Route C, the error 

in the signal-to-noise ratio centered on the median Route C 

value, published values, and Route A values were also added 

for comparison.

Promisingly, Figure 12 shows, for all Route C calculated PF 

and MAF values, aside from Co-form H, all repeats fall within 

the signal-to-noise error of the spectra, meaning the AFC algo

rithm is working as intended for this subset. Generally showing 

less variation the Route D subset due to reduced uncertainty 

caused by MFC and no longer skew toward over estimating PF 

values (as it did with Route A), and it can therefore be concluded 

that these variations were due to the input spectra and not the 

AFC algorithm. Another example demonstrating the added con

sistency that comes with the AFC algorithm is the PF outlier 

associated with SSA4, which is solely due to MFC.

We explored the results of Co-form H to understand why the 

PF is calculated lower or higher than the expected error. To do 

this have taken the spectra as displayed on the AnIML summary 

files for the Route A and Route C processing of the spectra. We 

have displayed the PPM ranges passed to the AFC in Figure 13. 

Where Figure 13I displays the AP Route A input spectra, 

Figure 13II, III, and 13IV show the variation in input processed 

spectra due to manual phasing.

Figure 13I shows why the PF was larger than the signal-to-noise 

error for Route A processing. The noVPRE peak intensities are 

lower when compared to the Route C repeats, due to this spec

trum being out of phase. Figure 13IV, in contrast, has phasing er

ror due to manual spectra processing in the VPRE 1H 1D NMR 

spectra (red), causing this intensity to be significantly lower for 

PF calculation and, in turn, the PF value to be smaller than the 

signal-to-noise error. Where the 1H 1D NMR spectra are correctly 

MP by the researcher are used as input, as seen in Figures 13 II 

and 13III, the automated 2processing workflow provides two re

sults that fall within signal-to-noise error. The results shown in 

Figure 13 are shown in Table 2.

This phenomenon is more prevalent in PF calculation as the 

factor is calculated using two spectra that contain PREs, which 

broadens the peaks, making them less intense and hard to sepa

rate, thereby increasing the noise. This also reduces the intensity 

of the peaks, causing any error in phasing or baseline correction 

to be more prevalent. Due to the PF and MAF value being dis

played below the spectra in the AnIML xml files, these spectra 

can be readily downloaded and reprocessed at any time due 

to the data being centralized.

Time-saving on analysis due to AFC when compared 

with MFC

To verify the time saved using the AFC processing, we also re

corded the time taken for both MP, MFC, and AFC. The time 

taken for the AFC process was recorded twice: the total process 

(first run of analysis), and AFC only (rerunning of analysis). Total 

process is the time taken for file ingest, AnIML conversion, pro

cessing, and automated upload of results back to Splashlake 

and reprocessing, automated upload of results back to 

Splashlake.

To obtain the time taken for the MP of all four 1H NMR spectra 

included with an experimental dataset, the time at which the 

spectral files were opened in Topspin was recorded at T = 0. 

The spectra were then MP by the researchers (N = 6 repeats 

per) to a standard deemed acceptable to the criteria provided 

by the original research team members that designed the assay. 

At this point, the timer was stopped.

The time taken for MFC, T = 0, began with all four 1H NMR 

spectra for an experiment loaded in Topspin, where peaks 

are picked and intensity calculated. The values are copied 

into the factor calculation template spreadsheet. Once the 

MAF and PF values are calculated, the timer was stopped. 

The time taken for these processes is overviewed in 

Figure 14.

Overall, the mean time saved is 223s on factor calculation be

tween the two methods just to run the processing. With a mini

mum time save of 57 s and a maximum time save of 657 s. Var

iations are due to the complexity of the analysis and the 

researcher’s NMR experience. These results are also shown in 

Table 3. The time taken to curate and load files was not ac

counted for within our manual processing timings. This includes 

time taken to copy, curate, and load the data, or that the PPM 

Figure 11. Boxplots of MAF and PF Route D values produced by 6 

different researchers 

Individual MAF (A) and PF (B) values calculated from Route D by each of 

these 6 researchers are illustrated by the gray dots. Values produced 

from Route A (blue, Table 1) and previously published values (red, Table 1) 

have been superimposed to enable comparison but are not included in 

boxplots.
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ranges were already given in a premade template from published 

work. Therefore, the time saved from using the automated pro

cessing workflow is likely greater than the results show, as these 

processes are encompassed within the automated workflow. 

Though this would increase the time taken for AFC from 6 s to 

31 s, the time to complete this extra process manually would 

be much greater.

Figure 12. MAF and PF values calculated 

from Route C using manually phased 

spectra from 3 separate researchers as 

input 

Values produced from Route A (blue, Table 1) and 

previously published values (red, Table 1) the 

signal to noise error (PF = ± 0.1; MAF = ± 0.05) has 

been superimposed over the median value of the 

Route C subset. Finally, we have displayed the 

same spectra analyzed by MFC Route D spectra 

to contrast any differences.

Other benefits of the AFC workflow

Along with the time-saving benefits, auto

mation of the workflow has other advan

tages when it comes to data quality. To 

create the automated workflow, we im

plemented naming conventions that make the data searchable 

and findable if reanalysis is needed later. The time required to 

curate the subset of data for validation was in the time frame 

of months, which would not be the case if the data had been pro

cessed using the automated workflow within a data manage

ment system. For the manual processing, the PPM ranges are 

only recorded within the Excel template and are not easily 

Figure 13. 1H 1D NMR spectra displayed within the PPM range, 7.7–7.8, associated with co-formulation H to examine cause of error in the 

MAF and PF values cause by baseline correction error during phasing: Route A (I) giving the overestimate in PF, (II) and (III) Route C giving the 

expected PF value, (IV) Route C giving the underestimate in PF for Co-formulation H in Figure 12
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accessible, whereas in the automated workflow, this data is 

available and editable within the data management system, al

lowing the analysis to be rerun quickly and easily.

Within the AFC workflow, the correctly phased 1H 1D NMR 

spectra files are available for download for reuse and are viewable 

in AnIML XML file representations, such as that exemplified in 

Figure 15. The raw spectra along with experiment summary files, 

which are automatically saved and searchable within the data 

management system, are used to generate machine accessible 

data for cross-project analysis with other assays on the same 

project.

Human error is impossible to eliminate, though we have aimed 

to reduce it within the workflow. The reduced time for analysis 

makes results easier to rerun with summary reports containing 

spectra generated. Generation of summary files and automated 

spectra upload reduces errors occurring due to copying data. 

Phasing of spectra is easily verified using the AnIML file experi

ment summarizes.

This process also allowed us to refine the factor calculation 

methodology of the assay and showed the importance of 

considering and recording these methods for developing assays 

so they are repeatable without assumed knowledge of the 

researcher processing the data. For example, during the manual 

validation, the TopSpin command line phasing was refined to the 

method stated within this paper and will be used for results going 

forward. The algorithm also has the ability to integrate and peak 

pick through magnitude or absolute peak intensity. The PPM 

ranges can be adjusted to measure each multiplet as a whole 

or all peaks within a multiplet. These can be more easily explored 

with the more controlled AFC.

Findings

We have automated and validated a complex 1H NMR spec

troscopy-based assay used to determine the adhesion of 

chemical compounds (drugs/drug candidates) to (MAF) and 

permeation (PF) through a phospholipid vesicle membrane. 

Through the incorporation of automated processes within the 

data analysis workflow, we have increased and defined the 

reproducibility of this assay while simultaneously providing an 

audit trail for drug candidate data. Allowing for the MAF and 

PF to be reprocessed if necessary. This is achieved by making 

the raw 1H NMR spectra and accessible alongside experiment 

summary files centralized and searchable within a data man

agement system.

To support the automation of this workflow, we present an 

example naming convention required to implement the calcula

tion of MAF and PF values from the raw NMR data within a lab 

environment. We show that through outputting high-quality, ma

chine accessible data, we increase the ease of human and 

computational analysis, as well as reducing the implied knowl

edge required to carry out the analysis.

We have validated both the AFC and previously published re

sults, and calculated results within the manual validation subset. 

In turn, we have increased understanding of the causes of error 

within the assay, and refined and built in procedures to reduce 

these errors in the automated processing, showing the benefit 

of automating these processes in refining scientific processing 

methodologies.

Through our validation processes, we have shown that 

automating the processing of these data results in an average 

time saving in analysis of 223 s per experiment, with variation 

dependent on research experience and complexity of 1H NMR 

spectra. This automated, centralized and searchable 

approach to processing and storing the data associated 

with this assay lays the groundwork to enable the adoption 

of this assay into high-throughput drug discovery pipelines, 

to support drug development, decreasing the costs and time 

associated with the development of a clinical candidate 

molecule(s).

Limitations of the study

Time recorded for the processing workflows did not include 

time to capture, rename, move, and copy data files, meaning 

the time taken will be longer than recorded. The AFC is heavily 

dependent on the quality of the initial spectra processing in

gested into the workflow. This is demonstrated in the 

Table 2. Shows the manual and automated processing results for the subset of manually phased experiments

Auto (Route C) Manual (Route D)

MAF

SSA4 SSA5 Co-formulation H SSA4 SSA5 Co-formulation H

Published N/A N/A N/A 0.38 0.38 1.66

I (Route A) 0.39 0.78 1.51 N/A N/A N/A

II 0.35 0.85 1.60 0.35 0.84 1.54

III 0.35 0.83 1.69 0.33 0.81 1.72

IV 0.35 0.86 1.57 0.28 0.77 1.54

PF

Published N/A N/A N/A 1.48 0.67 0.52

I (Route A) 1.68 0.84 0.82 N/A N/A N/A

II 1.58 0.67 0.58 3.37 0.60 0.55

III 1.66 0.67 0.54 1.49 0.67 0.50

IV 1.61 0.77 0.25 1.46 0.70 0.45

Spectra shown in Figure 13.
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co-formulation H example, where errors in AP or baseline 

correction led to errors in PF and MAF values. Finally, the work

flow is reliant on the researcher specifying the PPM ranges 

correctly for each compound.

RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be 

directed to and will be fulfilled by the lead contact, Thomas Allam (ta1u18@ 

soton.ac.uk).

Materials availability

This study did not generate new spectra or reagents.

All validation datasets used for the automated NMR workflow were 

sourced from previously published work by Serrano-Sanchez et al.17 and Hil

ton et al.18

Data and code availability

• All original code and data have been deposited at - Allam, T. (2026). 

Data and scripts associated with ‘‘Automation and validation of an 

NMR spectroscopy-based drug discovery assay.’’ University of South

ampton. Dataset. https://doi.org/10.5258/SOTON/D3943 - and is pub

licly available as of the date of publication.
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Table 3. Shows the mean, median, maximum and minimum time taken for MP, MFC, and AFC

Process Mean time/s Median time/s Max time/s Min time/s

Manual phasing 461 451 853 201

Manual factor calculation 229 171 660 65

Automated factor calculation 

reprocessing

6 7 8 3

Automated factor calculation 

processing

31 28 46 25

Figure 14. The average time taken to process each section of the 

workflow 

(A) Overall: A flowchart to show the time taken for each section of the workflow. 

(B) Phasing: A boxplot to show the time taken for the phasing of the 1H 1D 

NMR spectra. Individual values for the time taken to phase are shown within 

the boxplot. 

(C) Factor Calculation: A boxplot to show the time taken for the peak picking 

and MAF and PF calculation of the 1H 1D NMR spectra. Light-blue gray shows 

time for MP, with gray spectra having only undergone AP. The mean time for 

the AFC, including file upload and basket creation, is shown as a blue cross.

10 iScience 29, 116555, July 17, 2026 

iScience
Article

ll
OPEN ACCESS

mailto:ta1u18@soton.ac.uk
mailto:ta1u18@soton.ac.uk
https://doi.org/10.5258/SOTON/D3943


REFERENCES

1. Kariuki, S. (2024). Global burden of antimicrobial resistance and forecasts to 2050. 

Lancet 404, 1172–1173. https://doi.org/10.1016/S0140-6736(24)01885-3.

2. O’Neill, J. (2014). Antimicrobial Resistance: Tackling a crisis for the health 

and wealth of nations. https://amr-review.org/.

3. Chokshi, A., Sifri, Z., Cennimo, D., and Horng, H. (2019). Global Contribu

tors to Antibiotic Resistance. J. Glob. Infect. Dis. 11, 36–42. https://doi. 

org/10.4103/jgid.jgid_110_18.

4. Bray, F., Laversanne, M., Sung, H., Ferlay, J., Siegel, R.L., Soerjomataram, 

I., and Jemal, A. (2024). Global cancer statistics 2022: GLOBOCAN esti

mates of incidence and mortality worldwide for 36 cancers in 185 countries. 

CA Cancer J. Clin. 74, 229–263. https://doi.org/10.3322/caac.21834.

5. Bizuayehu, H.M., Ahmed, K.Y., Kibret, G.D., Dadi, A.F., Belachew, S.A., 

Bagade, T., Tegegne, T.K., Venchiarutti, R.L., Kibret, K.T., Hailegebireal, 

A.H., et al. (2024). Global Disparities of Cancer and Its Projected Burden 

in 2050. JAMA Netw. Open 7, e2443198. https://doi.org/10.1001/jamanet

workopen.2024.43198.

6. Ju, W., Zheng, R., Wang, S., Zhang, S., Zeng, H., Chen, R., Sun, K., Li, L., 

and Wei, W. (2023). The occurrence of cancer in ageing populations at 

global and regional levels, 1990 to 2019. Age Ageing 52, 1–10. https:// 

doi.org/10.1093/ageing/afad043.

7. Khan, S.U., Fatima, K., Aisha, S., and Malik, F. (2024). Unveiling the mech

anisms and challenges of cancer drug resistance. Cell Commun. Signal. 

22, 109. https://doi.org/10.1186/S12964-023-01302-1.

8. Gargate, N., Laws, M., and Rahman, K.M. (2025). Current economic and reg

ulatory challenges in developing antibiotics for Gram-negative bacteria. NPJ 

Antimicrob. Resist. 3, 50. https://doi.org/10.1038/S44259-025-00123-1.

9. Shlaes, D.M., and Bradford, P.A. (2018). Antibiotics—From There to 

Where?: How the antibiotic miracle is threatened by resistance and a 

broken market and what we can do about it. Pathog. Immun. 3, 19–43. 

https://doi.org/10.20411/PAI.V3I1.231.

10. Muteeb, G., Rehman, M.T., Shahwan, M., and Aatif, M. (2023). Origin of 

Antibiotics and Antibiotic Resistance, and Their Impacts on Drug Develop

ment: A Narrative Review. Pharmaceuticals 16, 1615. https://doi.org/10. 

3390/ph16111615.

11. Towse, A., Hoyle, C.K., Goodall, J., Hirsch, M., Mestre-Ferrandiz, J., and 

Rex, J.H. (2017). Time for a change in how new antibiotics are reimbursed: 

Development of an insurance framework for funding new antibiotics based 

on a policy of risk mitigation. Health Policy 121, 1025–1030. https://doi. 

org/10.1016/J.HEALTHPOL.2017.07.011.

12. Wouters, O.J., McKee, M., and Luyten, J. (2020). Estimated Research and 

Development Investment Needed to Bring a New Medicine to Market, 

2009-2018. JAMA 323, 844–853. https://doi.org/10.1001/jama.2020.1166.

13. (2024). A new class of antibiotics is cause for cautious celebration — but the eco

nomics must be fixed. Nature 625, 7. https://doi.org/10.1038/d41586-023-04086-z.

14. Prasad, V., and Mailankody, S. (2017). Research and Development 

Spending to Bring a Single Cancer Drug to Market and Revenues After 

Approval. JAMA Intern. Med. 177, 1569–1575. https://doi.org/10.1001/ 

JAMAINTERNMED.2017.3601.

15. Blagosklonny, M.V. (2023). Selective protection of normal cells from 

chemotherapy, while killing drug-resistant cancer cells. Oncotarget 14, 

193–206. https://doi.org/10.18632/oncotarget.28382.

16. Hilton, K.L.F., Manwani, C., Boles, J.E., White, L.J., Ozturk, S., Garrett, M.D., 

and Hiscock, J.R. (2021). The phospholipid membrane compositions of bac

terial cells, cancer cell lines and biological samples from cancer patients. 

Chem. Sci. 12, 13273–13282. https://doi.org/10.1039/D1SC03597E.

17. Serrano-Sanchez, A., Rice, M., Cassar, J., White, L.J., Popoola, P.I.A., 

Thompson, G.S., Hiscock, J.R., and Ortega-Roldan, J.L. (2024). A solution 

NMR methodology enabling the elucidation of small molecule phospho

lipid membrane adhesion and passive permeation parameters. Chem. 

Commun. 60, 11160–11163. https://doi.org/10.1039/D4CC01515K.

18. Hilton, K.L.F., Steyn, H.J.F., Luthuli, K.S., Rice, M., Streather, B.R., Sweeney, 

E., White, L.J., Morgan, F.R., Rankin, J., Baker, J., et al. (2025). Towards the 

development of supramolecular self-associating amphiphiles as antibiofilm 

agents against Pseudomonas aeruginosa and Candida albicans biofilms. 

J. Mater. Chem. B 13, 8239–8251. https://doi.org/10.1039/D5TB00653H.

19. Home | Splashlake. https://www.splashlake.com/.

20. Bruker TopSpin. https://www.bruker.com/en/products-and-solutions/mr/ 

nmr-software/topspin.html.

21. Home - AnIML. https://www.animl.org/.

22. Giraudeau, P. (2023). Quantitative NMR spectroscopy of complex mixtures. 

Chem. Commun. 59, 6627–6642. https://doi.org/10.1039/D3CC01455J.

Figure 15. Shows an AnIML file containing raw spectra data and metadata is displayed within Splashlake Hub 

The NMR data is displayed as an interactive spectrum along with metadata from the spectra file. Automatically extracted metadata from the filename is shown 

across the top. The different types of spectra, FID, transformed and normalized as options to be displayed down the side.

iScience 29, 116555, July 17, 2026 11 

iScience
Article

ll
OPEN ACCESS

https://doi.org/10.1016/S0140-6736(24)01885-3
https://amr-review.org/
https://doi.org/10.4103/jgid.jgid_110_18
https://doi.org/10.4103/jgid.jgid_110_18
https://doi.org/10.3322/caac.21834
https://doi.org/10.1001/jamanetworkopen.2024.43198
https://doi.org/10.1001/jamanetworkopen.2024.43198
https://doi.org/10.1093/ageing/afad043
https://doi.org/10.1093/ageing/afad043
https://doi.org/10.1186/S12964-023-01302-1
https://doi.org/10.1038/S44259-025-00123-1
https://doi.org/10.20411/PAI.V3I1.231
https://doi.org/10.3390/ph16111615
https://doi.org/10.3390/ph16111615
https://doi.org/10.1016/J.HEALTHPOL.2017.07.011
https://doi.org/10.1016/J.HEALTHPOL.2017.07.011
https://doi.org/10.1001/jama.2020.1166
https://doi.org/10.1038/d41586-023-04086-z
https://doi.org/10.1001/JAMAINTERNMED.2017.3601
https://doi.org/10.1001/JAMAINTERNMED.2017.3601
https://doi.org/10.18632/oncotarget.28382
https://doi.org/10.1039/D1SC03597E
https://doi.org/10.1039/D4CC01515K
https://doi.org/10.1039/D5TB00653H
https://www.splashlake.com/
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.bruker.com/en/products-and-solutions/mr/nmr-software/topspin.html
https://www.animl.org/
https://doi.org/10.1039/D3CC01455J


STAR★METHODS

KEY RESOURCES TABLE

METHOD DETAILS

The AFC was executed by the Python workflow, supporting DMS framework, validation method and validation dataset used, sum

marised herein, is explained in detail in the STAR Methods section of the paper.

All 1H NMR spectra were acquired using a Bruker 600 MHz spectrometer. For each drug candidate or co-formulation, a complete 

experiment consisted of four distinct conditions varying by the presence of vesicles, paramagnetic relaxation enhancement agents, 

and the compound. Raw data were collected as.fid files.

Primary spectral processing was performed using TopSpin software20 using the following sequence of commands: Fourier Trans

formation, efp (Exponential multiplication, Fourier transform and apply phase corrections). Phase Correction, apk (Automatic phase 

correction of the spectrum). Baseline Correction, abs (Automatic baseline correction and integration of major signals in spectrum).

The workflow utilised Splashlake Software as the DMS. Data ingest was triggered by a monitored folder system. Metadata extrac

tion was completed from a standardised file naming convention using regular expressions to automatically tag files with compound 

identifiers, concentrations, and repeat numbers. 1D spectra files were programmatically converted into AnIML format to ensure long- 

term data accessibility and support interactive visualisation within Splashlake.

To ensure reproducibility and experimental validity, the automated workflow was benchmarked using a subset of experiments on 9 

compounds and coformulations from quality-assured data from published work from Serrano-Sanchez et al.17 and Hilton et al.18

Though not available through the original work, the raw spectra were obtained and available with the code for this paper (see key 

resources table).

Scientific findings from original studies were not reinterpreted; instead, the corresponding raw 1H NMR spectra were reprocessed 

to ensure the automated results fell within the previously published signal to noise error margins (PF = ±0.1; MAF = ±0.05) as well as 

the spread of experimental Route B repeats. Outliers identified during the validation process were analyzed to understand their 

causes as outlined in the section: Exploring Route D and Route C and the Co-formulation H experiments.

QUANTIFICATION AND STATISTICAL ANALYSIS

The variation in manual factor calculations and manual phasing were repeated by multiple independent researchers. The results were 

summarised and processed using Python to generate boxplot comparison figures, means and standard deviations for the manual 

validation datasets. Boxplots were selected to visualise the data because they visualise outliers as being outside the whiskers of 

the boxplots, according to the formulas below:

Lower outlier < Q1 − 1:5 ⋅ IQR and Upper outlier > Q3 + 1:5 ⋅ IQR 

The influence on the boxplots from the outliers are visible in the quartile ranges and allow the display of the entire validation data

sets and major outliers without needing to omit them from the dataset.

REAGENT or RESOURCE SOURCE IDENTIFIERS

Deposited Data

Previously published validation data Serrano-Sanchez et al.17 2024 https://doi.org/10.1039/D4CC01515K

Previously published validation data Hilton et al.18 2025 https://doi.org/10.1039/D5TB00653H

Python code and data Allam, T. (2026). Data and scripts 

associated with ‘Automation and validation 

of an NMR spectroscopy-based drug 

discovery assay’. University of 

Southampton. Dataset and code.

https://doi.org/10.5258/SOTON/D3943

Software and algorithms

Python 3 Python Software Foundation https://www.python.org; RRID: 

SCR_008394

Topspin Bruker RRID:SCR_014227
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The repetitions were used to establish variation in manual processing. Route B (AP + MFC), N = 8 experimental repeats per con

dition to assess the variation of MFC and validate that Route A results fall within this variation. The results for MFC validation are dis

played as MEAN ±1 SD in Table 1.

Route D (MP + MFC), N = 6 repeats per condition to establish the variation due to MP and MFC. The results for MFC validation are 

displayed as MEAN ±1 SD in Table 1.

Route C (MP + AFC), N = 3 repeats to understand the impact of phasing on the algorithm. The individual results are described in 

Table 2.

The time taken for AFC, MFC and MP has the mean, medium, maximum and minimum outlined in Table 3.
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