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Exploring pre-analytical factors for the optimisation of serum 

diagnostics: progressing the clinical utility of ATR-FTIR spectroscopy 

Abstract 

Data quality and reproducibility are vital for robust, reliable and consistent diagnostic 

techniques within clinical environments. Most variance within clinical laboratories occur 

within the pre-analytical phase, prior to obtaining and analysing data. Herein, we investigate 

pre-analytical considerations for the spectroscopic analysis of blood serum for the purpose of 

clinical diagnostics.  

Variables within sample collection, storage and preparation are explored in order to evaluate 

their effects on the spectral outcome, including; differences between sample collection tubes, 

centrifugal speed and time, short and long-term storage conditions, individual analyst 

technique, sample volumes, environment of sample batches, as well as various drying 

techniques. Exploratory data analysis using principal component analysis was implemented to 

unearth spectral variance not immediately observable.  

Minor spectral variations were observed within each experiment; however, these were not 

considered significant differences as a result of these varying experimental factors. Variation 

between different operator techniques when preparing samples was observed, yet can be 

resolved with appropriate standard operating procedures, regardless of other factors such as 

sample volume and storage conditions. The findings within this report suggest that 

experimental variations within a laboratory, or between different laboratories, does not 

significantly affect the spectral outcome, and with good laboratory practice and careful sample 

handling results should be consistent and reliable.  
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Introduction 

The quest for detecting disease states using biological fluids, or “biofluids”, via photonic 

approaches is a fast-emerging field [1]. Vibrational spectroscopic techniques, such as Fourier 

transform infrared spectroscopy (FTIR), have been thoroughly investigated in the diagnostics 

discipline, with many studies presenting statistics that show real promise for their application 

in a clinical environment [2]. It has been well documented that FTIR spectroscopy can 

characterise and quantify the levels of specific biomolecules present within biological samples, 

generating a biochemical fingerprint as the resulting spectrum [3]. The technique has 

demonstrated high accuracy, being able to detect subtle changes in a patient’s blood 

composition when combined with computational analysis and machine learning algorithms [4]. 

Most of the biofluid spectroscopy research has focused on blood serum and plasma, due to the 

prevalence of these types of samples within current biobank stocks. Thus, large retrospective 

patient cohorts are now feasible with the use of blood as the major diagnostic medium [5]. The 

ability to diagnose disease rapidly with high sensitivity and specificity would improve the 

quality of life and prognosis for patients. The collection of blood samples is simple and 

relatively non-invasive; thus, serum tests are already commonly employed in clinical 

diagnostics. Therefore, the implementation of a spectroscopic blood test into clinics would not 

significantly disrupt current diagnostic pathways. One advantage using blood serum is the 

ability to monitor disease and/or treatment progression, which could ultimately reduce 

mortality and morbidity.  

Many proof-of-concept studies have emphasised the ability of FTIR to differentiate various 

diseases and malignancies from healthy controls through the spectral ‘biosignatures’ generated 

from blood-derived biofluids. The serum and plasma profiles of patients suffering from breast, 

ovarian, bladder, oesophageal and brain cancers, as well as non-malignant diseases such as 

Alzheimer’s, have been recently examined [6–14]. Despite an abundance of exciting results, 

researchers have found it extremely difficult to transition from benchtop to clinic through 
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issues such as lack of consistency and standardisation of protocols in these studies [15]. 

Multi-centre studies are now being conducted within the clinical spectroscopy field, hence 

there is a crucial need to standardise and validate the modalities of sample collection, storage 

and spectral acquisition [16,17]. 

Before reaching the spectrometer, there are various critical points that could affect the sample 

and resultant spectroscopic analysis if they have not been performed efficiently. Methods of 

blood collection and separation, storage conditions, freeze-thaw cycles, sample preparation, 

inter-operator errors are just a few of the pre-analytical considerations that could potentially 

affect the quality and reproducibility of IR spectra. For clinical testing in general, it is believed 

that most errors occur in the pre-analytical phase. A recent study reported 61.9% of variances 

are introduced prior to analysis, compared to 15% intra-analytical and 23.1% post-analytical 

[18]. In order to realise the full potential of FTIR spectroscopy for regular use in healthcare 

facilities, these questions need to be addressed and understood prior to translation [17].  

Sample preparation also has a major influence in the reproducibility of FTIR spectra. 

Depending on the sampling mode chosen for FTIR analysis – namely transmission, 

transflection or attenuated total reflection (ATR) – the preparation requirements will vary 

considerably and should be tailored to the needs of the equipment. For example, there are many 

IR transparent windows that are suitable for transmission measurements, as well as various 

internal reflection elements (IREs) to choose from for ATR-FTIR spectroscopy. 

In terms of sample collection and storage, there are several points at which variance can be 

introduced. The majority of hospitals and clinics use venepuncture procedures to collect blood 

samples, which draws blood from one of the superficial veins in a patient’s arm [19]. The 

generic process is similar worldwide, but there are slight differences depending on the site of 

collection. Blood will normally be drawn using vacuum extraction systems; however, the type 

of collection tube can vary between manufacturers. Health services have the choice between 

tubes that contain different separating gels for serum, and a range of clotting activators for 
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plasma. Likewise, some healthcare sites may opt to use the syringe-needle technique, which 

can be useful for elderly patients with fragile veins [20]. After collection, whole blood is spun 

in a centrifuge to separate the serum/plasma components. Currently the centrifugation 

conditions are not consistent, with recommendations ranging from 10-20 minutes in time and 

1500-3000 g in speed [21,22]. Haemolysis of red blood cells is a common issue that can occur 

after centrifugation, that is known to interfere with many tests in clinical chemistry [23,24]. 

The temperature and duration of time that blood samples can be stored is another matter of 

debate. In general, it is important to store biospecimens in mechanical freezers at extremely 

low temperatures to prevent degradation and the destruction of important biomolecules, such 

as proteins and nucleic acids [25]. Many biochemistry laboratories in the UK utilise –80C 

freezers for long term storage of blood-based products, but this is not currently standardised 

globally [26,27]. Some studies have described storing serum at –20C, which is thought to be 

detrimental to their integrity [28]. It has also been suggested that storage time can have a 

damaging effect on these types of biospecimens, which could potentially introduce unwanted 

variance in retrospective spectroscopic research [29]. Repetitive freezing and thawing of 

plasma and serum has also been examined recently; Lee et al. reported distinct changes in 

protein concentrations with increased freeze-thaw cycles, and suggested these should be 

minimised in order to avoid discrepancies in future clinical testing [30]. 

When analysing biofluids, it is common practice to dry the liquid drops on to a substrate to 

overcome the spectral interference of water. As water is a strong absorber of IR light, it exhibits 

a large absorbance band (~1640 cm-1) which can obscure biological information in the 

fingerprint region of the IR spectrum (1800-1000 cm-1) [31]. One downfall of this method is 

that biofluid deposits tend to dry heterogeneously which results in an array of complex patterns, 

such as the well-known coffee ring effect [32]. Capillary flow forces biomolecules to move to 

the periphery of the drop as the liquid evaporates, leaving a ring-like shape behind [33]. 

Bonnier et al. showed this issue can cause spectral differences across the dried droplet; 
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observing peak shifts and alterations in band intensity ratios between the drop’s edge and its 

centre [31]. Gelation and cracking patterns are also commonly observed when dehydrating 

blood serum onto IR substrates [34]. Hughes et al. measured 20 single-point transmission 

spectra over a single blood serum deposit; cracks throughout the droplet were shown to cause 

scattering effects, as well as varied absorbances in the Amide I/II region (1700-1500 cm-1) [35].  

Recently there has been some preliminary work performed to understand and overcome such 

pre-analytical variances. Lovergne et al. carried out a dilution study with blood serum to try 

and control the complex drying patterns. Using transmission mode and FTIR imaging, it was 

found that a 3-fold dilution was the optimum concentration to minimise the cracking patterns 

that was observed in whole serum. However, coffee rings were still apparent in the diluted 

samples, with the outer edges of the drops exhibiting higher absorbance values [36]. Moreover, 

the addition of a dilution step prior to spectral analysis would likely be unfavourable for clinical 

translation. A later study looked into several pre-analytical factors, such as the biofluid volume 

and dilution, sample collection modality and the impact of freeze-thaw cycles on spectral 

reproducibility [15]. The authors highlighted that the development of an automated device for 

data acquisition could be more attractive to clinical laboratories. Furthermore, it was concluded 

that the optimal pre-analytical procedure will be determined by the type of biofluid to be 

analysed and the sampling mode that is available. Recently, additional pre-analytical factors 

were examined, such as storage tube capacity and inter-aliquot reproducibility of serum and 

plasma samples, which suggested that neither the volume of sample stored nor the storage tube 

capacity has an impact on spectral reproducibility [37]. Standardisation of sample collection 

parameters is an important requirement in the regulatory approach for all diagnostics methods 

and the authors point the readers to the following resource to understand the challenges 

associated with this [27]. 

In this study, we build on these previous findings with three main objectives: to determine the 

effect of (i) sample collection (collection tube type, centrifugation parameters); (ii) sample 
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storage (short- and long-term); and (iii) sample preparation (intra- and inter-operator 

variability, volume of serum and impact of drying conditions/environment/humidity) on 

spectra data. The overall aim is to of decipher the optimum sample collection, storage and 

preparation parameters for the analysis of blood serum with ATR-FTIR spectroscopy, to enable 

successful clinical translation of the technology.   

 

 

Materials and Methods 

Unless otherwise stated in the experimental design (Table 1), the following procedure was 

implemented for each of the analyses. The full experimental design for each analysis is outlined 

in the Supplementary Information (SI). A general overview of the study is described in the 

schematic in Figure 1.  

Blood serum collection 

Participant enrolment and sample collection from healthy volunteers was carried out with NHS 

ethical approval (NHS North-West - Preston Regional Ethical Committee (REC); REC 

Reference: 18/NW/0288, Protocol Number: UEC 18/21; date awarded 15/08/18) and with 

NHS Research and Development and Board Approval (NHS Greater Glasgow & Clyde 

Research and Development, Ref: GN18ON143, Date awarded 15/08/18) and in accordance 

with the principles set out in the declaration of Helsinki. Blood was sampled using the standard 

venepuncture technique. The Greiner Bio-One Gold Top VACUETTE® TUBE 5 mL CAT 

Serum Separator Clot Activator blood collection system (Greiner Bio One, Austria) was used 

for blood sample collection. 2 mL of whole blood was collected from each participant. Each 

blood collection tube was gently inverted following sampling to encourage even mixing whilst 

avoiding haemolysis. Samples were left to clot at room temperature for 30 minutes prior to 

centrifugation for component separation, which was performed at 4100 g for 5 minutes, 

according to local protocols. Commercially available mixed human pooled serum was 
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purchased from TCS Biosciences, UK. All serum samples were frozen to –80 °C for storage 

prior to analysis. 

Sample preparation 

The serum samples were removed from storage and allowed to thaw for 15-20 minutes. 3 L 

was pipetted onto each of the three sample wells of a disposable optical slide (ClinSpec 

Diagnostics Ltd, UK), leaving the first well clean for background collection [12]. The serum 

drops were spread evenly across the sample wells using the pipette tip, ensuring the full well 

was covered to create a thin serum film. Prepared slides were stacked in 3D printed polylactic 

acid slide holders, which were designed to enable batch drying. The stacked slides were then 

stored in a drying unit incubator (Thermo Fisher™ Heratherm™, GE) at 35 °C for an hour to 

control the drying dynamics of the serum drop [34]. 

Spectral collection 

IR spectra were collected in the range of 4000-450 cm-1 at a resolution of 4 cm-1 with 16 

co-added scans. A background spectrum was performed which was automatically subtracted 

from the acquired sample spectra. Three spectra were acquired for each biological replicate 

and three technical replicates were performed, resulting in nine spectra for all samples. The 

environmental conditions from all investigations ranged between 18-23 °C and humidity 

between 15-35%. All spectra were recorded on either an Agilent Cary 600 FTIR spectrometer 

(Agilent Technologies, USA) or PerkinElmer Spectrum 2 FTIR spectrometers (PerkinElmer, 

UK), fitted with a Specac Quest ATR (Specac Ltd, UK), with either a diamond IRE (DIRE) 

top plate, or a silicon IRE (SIRE) (ClinSpec Diagnostics Ltd, UK) using a specular reflectance 

puck. 

Spectral data analysis 

Data was pre-processed and analysed using Matlab with a graphical user interface which was 

developed in-house by the Spectral Analytics Laboratory, University of Strathclyde. The 
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processed IR spectra were cut to the biologically relevant region for each experiment, with the 

typical fingerprint region being 1800-1000 cm-1. This was then followed by rubberband 

baseline correction and vector normalisation for all processed spectra. Principal component 

analysis (PCA) was conducted and PC loadings were employed to identify the origin of spectral 

variance. 

At the sample collection and storage, as well as the sample preparation stages of this 

experiment, consideration was given to several variables that could affect the reliability and 

consistency of the results. Figure 1 describes the experimental plan, and Table 1 outlines the 

processes where one variable was altered (shaded in grey) whilst all other experimental 

conditions were kept consistent. Full details are included within the SI.  
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Figure 1: Experimental protocol flowchart outlining each consideration at every step of the sample collection, 

storage and preparation stages. 
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Table 1 - Experimental conditions for each step of the analytical process labelled 1-7. The variable under examination is highlighted in grey. Full experimental details 

available in Supplementary Information.

Experimental 

process 

Sample type 

(pooled or patient) 

Blood collection 

tube 

Centrifuge Storage Number 

of 

operators 

Sample 

volume 

(µL) 

Sample 

environment 

(after drying 

period) 

Sample 

drying 

technique 

IRE 

(diamond or 

silicon) Time 

(min) 

Speed 

(g) 

Short-

term 

(s.t) 

Long-term 

(l.t) 

1 Patient BD Vacutainer SST 

II tubes, Vacuette 

serum tubes with 

gel clot activator 

and Monovette 

serum gel Z 

separation tubes 

5 4100 -80 °C -80 °C 1 3 Benchtop Incubator Silicon 

2 Patient Vacuette serum 

tubes with gel clot 

activator  

5-15 1635-

4186 

-80 °C -80 °C 1 3 Benchtop Incubator Silicon 

3 Patient (s.t) 

Pooled (l.t) 

Vacuette serum 

tubes with gel clot 

activator (s.t) 

5 4100 4 °C -80 °C 1 3 Benchtop Incubator Silicon (s.t) 

Diamond (l.t) 

4 Pooled NA 5 4100 -80 °C -80 °C 1-7 3 Benchtop Incubator Silicon 

5 Pooled NA 5 4100 -80 °C -80 °C 1 1-10 Benchtop Incubator Silicon 

6 Pooled NA 5 4100 -80 °C -80 °C 1 3 Incubator, 

desiccator and 

benchtop 

Incubator Silicon 

7 Pooled NA 5 4100 -80 °C -80 °C 1 3 Benchtop Air dried, 

fan assisted 

and heating 

Silicon and 

Diamond 
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Results and Discussion 

1. Blood collection  

Multiple repeats of a single donor patient, whose blood was collected using three types of 

clinical serum collection tubes, were used in order to observe any tube-specific variation. 

Firstly, a PCA-based quality test at a 95% confidence interval was carried out on the spectral 

data. From a total of 135 spectra, three spectra were projected outside the confidence interval 

and were then removed from further analysis (Figure S1 in SI). 

The PCA scores plot between PC1 and PC2 (Figure S2a) describes the general variation in the 

dataset. PC1 accounts for 61.3% of the variance, which is described by the loadings plot in 

Figure S2b, in the SI. The PC1 variance mostly relates to the CO and CN stretching, and NH 

bending vibrations arising from the proteinaceous components in the Amide I and II bands, at 

around ~1650 cm-1 and 1550 cm-1, respectively. The spectral data points for each tube type are 

widely spread across both PC1 and PC2, and there are no noticeable clusters within the three 

tube classes. Yet when the higher PCs are considered, such as PC4 against PC5, the data points 

begin to group together (Figure 2a), which demonstrates there may be minor spectral 

differences between the tube types. The loadings for PC4 and PC5 (Figure 2b and 2c) again 

highlight discrepancies in the Amide I and II bands, as well as noteworthy variations in  the 

1100-100 cm-1 region, which can be tentatively assigned to carbohydrate (CO stretch), 

glycogen (CO, CC stretch, COH deformation) and phosphate (PO2- stretch) vibrations [38]. 

However, PC4 and PC5 only account for 2.8% and 1.3% of the overall variance within the 

data. 
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Figure 2: a) PCA scores plot of PC4 and PC5 displaying the variance between the three brands of collection 

tubes; BD (red), Greiner (green) and Sarstedt (blue), with the corresponding b) PC4 and c) PC5 loadings. 

 

2. Blood processing 

Serum was successfully obtained from all centrifugation conditions, appearing partially 

transparent and pale-yellow in colour. PCA showed that there were no real variances among 

the different centrifugal speeds (rpm) (Figure 3a). The first PC amounts to 29.2%, however 

there is no distinct clustering of the different parameters. These results are confirmed by the 

mean spectral plot with standard deviations included (Figure 3b), which highlights the regions 

with the greatest variation in the spectra. Ultimately, there are no substantial differences 

(a) 

(b) (c) 
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between samples, thus if serum is successfully extracted then spectral response is relatively 

uniform. The minor differences reflected in the PC2 scores plot (accounting for only 18.6 % of 

the cumulative variance) can be clearly identified as differences in the substrate spectral 

response (please see Figure S10) and not of biological origin. 

 

Figure 3: a) PCA scores plot PC1 and PC2 showing minimal variance in the different times and speeds of 

centrifugation samples and b) mean IR spectra (blue) with the standard deviation highlighted in grey. 

 

3. Sample storage 

3.1 Short-term storage 
The first part of this section looked at the potential flaws of storing freshly extracted serum at 

4 C. Whilst not recommended, it is not unusual for researchers in clinical laboratories to hold 

(a) 

(b) 
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serum samples in the refrigerator many hours, up to a few days, before transferring to a –80 C 

freezer, often due to logistical reasons. For example, the freezer could be located at a different 

department or facility. Since many laboratories make blood samples available for general use 

as a waste product after they have completed their analysis, this could be a confounding factor 

in many research studies when serum specimens are obtained from certain biobanks. 

When the spectra gathered from one individual patient is examined, the variance between 

storage states is quite distinct, which corresponds with a previous study [37]. Within the SI, 

Figure S3a illustrates the separation between frozen and refrigerated for patient 1 who 

displayed the most significant clustering across all patients within this study. The classes split 

across PC2, the loadings show that the highest variance exists in the Amide I and II region 

around 1700-1500 cm-1 (Figure S3b). This could be due to an alteration in global protein 

concentration and/or changes in protein conformation, implying there may be a lack of stability 

in some biomolecules when exposed to the higher refrigeration temperatures of 4 C. These 

findings are consistent with a previous study that used electrophoresis to compare equine 

serum, stored at 4 C and –20 C for 48 hours, where the total protein content was significantly 

lower in the refrigerated sample than the frozen specimen (52.3 ± 3.0 g/L c.f. 67.5 ± 8.7 g/L) 

[39]. Yet when we explore multiple patients these variances become less obvious (Figure 4a). 

From the PCA scores plot in Figure 4b, it becomes discernible that the individual patients begin 

to cluster together, rather than splitting based on storage facility. This is an interesting concept, 

in that factors such as immediate storage facility cause distinct discrepancies when looking at 

one individual’s serum signature, but when we introduce additional patients and expand into 

larger cohorts – which would generally be the case for clinical spectroscopy – the ‘more 

important’ biological variances become more emphasised.  
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Figure 4: PCA results: a) scores plot of PC1 and PC2 for all 5 patients showing the differences between 

refrigerated (blue) and frozen (pink), and b) scores plot highlighting the grouping of five individual patients from 

both refrigerated and frozen short-term storage. 

 

3.2 Long-term storage 
The second part of this section explores spectra from human pooled serum that was collected 

over a period of 28 months to determine the impact on long-term storage. Spectra obtained at 

each of the tested time-points, as shown in the SI (Figure S4) were converted to second 

(a) 

(b) 
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derivative. The scores plots (Figure 5a) explain 73.7% of the total variance by the first two 

PCs, which is 39.0% and 34.7%, respectively. The corresponding loadings plot (Figure 5b) 

shows that the spread across the zero line of PC1 is attributed to the Amide I band between 

1700-1600 cm-1 due to the stretching vibrations of the CO and CN groups; as well as the Amide 

II region of 1600-1500 cm-1 resulting from the NH bending, CN stretching and the CC 

stretching modes.  

Figure 5: Scores plots for a) PC1 v PC2 with a blue circle highlighting month 6 (green) and month 20 

(dark blue) as outliers; and b) the corresponding loadings plot for PC1. 

Interestingly, the PCA allows for the identification of specific months, particularly months 6 

(green) and 20 (dark blue) as outliers within the data. Through the observation of the loadings 

plot associated with PC2 an insight as to why this may be the case is not provided (data not 

(a) 

(b) 
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shown). Further investigation led to the discovery that the humidity during analysis was 

increased to 59%, opposed to the average of 38% for this part of the study, potentially resulting 

in changes to the protein structures within the human pooled serum during analysis, rather than 

during storage, and could explain these particular outliers. The examination of the long-term 

storage of human pooled serum sub-samples over a period of 28 months at –80 °C suggests 

that there is no impact on resulting spectral data. Until now, clinical validation such as this was 

absent from literature and as pointed out by Lovergne et al. [15] was a necessary step to achieve 

translation.  

4. Sample deposition 

4.1 Inter- and intra-operator variability  
Seven operators were asked to prepare slides for SIRE analysis using human pooled serum 

without following a specific SOP in order to observe any spectral variations caused by the 

sample preparation process. PCA was performed on all data sets, which highlights that minor 

differences between operators, mainly arises from variances among slide wells (Figure 6). The 

optimal SD between the three sample wells (lowest value) was operator 5, and the highest value 

came from the sample slide made by operator 1 (Table 2).  

 

Figure 6: Inter-operator PCA scores plot of PC1 and PC2 showing minor differences between operators. 
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Table 2: Average standard deviation values calculated from the mean spectra from the three sample wells for 

each operator. 

 

 

 

 

 

 

This implies inter-operator variance is likely to occur, and that care must be taken when 

preparing serum samples for analysis. The operators appeared to use different techniques when 

spreading the serum drops evenly across the sample wells. The pipetting movement did not 

seem to impact on the spectral measurement, however the position of immediate deposition on 

the sampling well ultimately caused varying SD values. Therefore, when using SIREs, it is 

advised to start from the centre of the IRE, before spreading it to corners and edges if required, 

covering all empty areas on the surface of the IRE to create a thin serum film. That being said, 

similar results were observed from the multiple repeats prepared by the individual operator, 

where some slides had a higher SD than others (Figure S5 and Table S3 in SI). Nevertheless, 

the SD values are extremely low and are unlikely to be truly significant.  

5. Sample volume 

Sample volume studies were conducted on silicon substrates with human pooled serum to 

assess whether increased quantities, therefore increased thicknesses, of biological molecules 

on the IRE surface influenced spectral responses. Generally, all sample volumes from 1-10 L 

Operator Average SD 

1 5.490 x 10-4 

2 3.715 x 10-4 

3 3.037 x 10-4 

4 4.482 x 10-4 

5 2.582 x 10-4 

6 3.785 x 10-4 

7 3.951 x 10-4 
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were observed to produce IR spectra characteristic of human serum, as shown within the SI 

(Figure S6). All sample volumes reproducibly observed characteristic vibrational modes at 

wavenumbers that correlated with the presence of protein, carbohydrate, lipid and nucleic acid 

content within human blood serum [40]. Closer inspection of our preliminary findings 

tentatively deemed 3 L to be the optimum volume for spectral analysis as it produced the 

highest signal-to-noise ratio for all sample volumes between 1-10 L (Figure 7). 

 

Figure 7: Plot of mean signal-to-noise ratio with associated standard deviations for 1-10 µL sample volumes 

calculated from intensities of the Amide I peak (1620-1670 cm-1) with respect to the 1850-1900 cm-1 region 

(n=9). 

However, it should be noted that the standard deviation for 3 L sample volumes was 

considerably large, albeit consistent with standard deviations of other sample volumes. 

Furthermore, 3 L was considered the most appropriate sample volume for spectral 

investigation of human serum, as it was the minimal volume that could reproducibly cover the 

surface area of the silicon substrate in its entirety. Overall, it is reassuring that different sample 

volumes and thicknesses do not promote considerable biological spectral variation on silicon 
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substrates, which is anticipated for ATR-FTIR given the defined depth of penetration of 

evanescent waves at ~1-2 microns in the fingerprint region [40]. Nevertheless, deposition of 3 

L sample volumes were deemed most appropriate for spectral analysis of human serum given 

the increased practicality and signal-to-noise ratio relative to other tested sample volumes.    

 

6. Sample environment 

The potential effect of humidity and the environmental conditions that batch processed sample 

slides are subjected to prior to spectral acquisition was examined. Dehydration of a serum drop 

results in a reduction of the shoulder between 3600-3300 cm-1 representing OH vibrational 

modes due to the loss of water and destruction of hydrogen bonding within the sample [41]. 

Likewise, the absorbance intensity of the Amide I band tends to increase as biofluids dry 

directly onto an IRE. Small differences in mean absorbance spectra can be seen due to different 

drying environments after 5 hours of environmental exposure (Figure 8).  

 

Figure 8: Infrared spectra obtained 5 hours after sample preparation, where samples had been stored in either a 

heated incubator (blue), desiccator (green) or on the laboratory benchtop in ambient conditions (red). 
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The resulting spectra suggests the serum stored in the heated incubator exists in a drier state 

(blue spectrum) than the samples left on the benchtop and in the desiccator, due to the lower 

intensity at the OH stretch (~3400 cm-1) and a slight increase in the Amide I vibration (1650 

cm-1). This could be explained by the assumption that the prolonged period in a heated 

environment instigates more intimate sample-IRE contact, thus allowing more efficient 

penetration of the evanescent wave [42]. However, the difference in mean absorbance is minute 

at approximately 0.001, suggesting the variation is inappreciable. Thus, serum sample slides 

can be left on the benchtop for at least 5 hours before spectral collection, once they have been 

prepared appropriately.  

The slides were then left in their corresponding environments overnight and re-analysed the 

following day. The spectral datapoints are spread across the PC1 and PC2 scores plot (Figure 

9). As expected, the incubated slides appear to cluster together the most (blue scores), mainly 

due to differences in the Amide bands and OH stretching vibrations (Figure S7 in SI). 

Furthermore, as shown in SI Figure S8, there is a considerable drop in intensity after 24 hours 
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for all three environments (purple spectra), which is likely due to the degradation of various 

protein structures over time.  

Figure 9: PCA scores plot of PC1 against PC2 for the three storage environments analysed after the four time-

points: benchtop (red), desiccator (green) and incubator (blue). 

 

7. Sample drying 

It is well established that when interrogating serum using ATR-FTIR, the samples must be 

dried onto the IRE before any analysis can be carried out. With respect to sample preparation, 

this is an extremely simple practice relative to many other bioanalytical techniques that require 

many careful steps and expensive reagents. It is preferred to dehydrate the serum drops prior 

to spectral collection, mainly because water is a strong absorber of infrared light, but also to 

optimise the sample to crystal contact profile. Water has three vibrational modes which tend to 

obfuscate concurrent vibrational modes of analyte molecules. Furthermore, in ATR mode 

water gives rise to anomalous dispersion effects which distort the OH band and skew 

quantitative analysis [43]. Thus, here we evaluate different drying environments to determine 

the optimal protocol for all internal reflection elements. 

 7.1 Normal drying on diamond and silicon 
Silicon spectra showed increased absorption of biological bands over the entire mid-infrared 

wavenumber region with concurrent reductions in water signatures over time (data not shown). 

Specifically, infrared peaks reached maximum absorption at 12 minutes with increased 

intensities of the Amide I and II bands in the fingerprint region, and the emergence of Amide 

A in the higher wavenumber region, resulting from symmetric and asymmetric CH stretching 

vibrations. Spectral features remained unchanged from this time point over an extended period, 

therefore 12 minutes was deemed sufficient to dry serum on silicon ATR crystals. Spectra 

obtained on diamond similarly showed increased absorption of infrared peaks over time as 

serum samples dehydrated in air and were deemed dry for spectroscopic analysis at 18 minutes. 



23 

 

Figure 10 illustrates the IR spectra collected over a time period of 32 minutes on a diamond 

IRE, displaying the specific wavenumber regions that are responsible for the reduction in water 

as the sample is drying. 

 

Figure 10: Infrared spectra of human pooled serum over an extended time period from 0-32 minutes on a 

diamond IRE. Blue asterisks highlight regions where distinct spectral changes are made between wet and dry 

samples. 

 

7.2 Accelerated drying on diamond and silicon 
It is to be expected that any type of forced drying protocol would accelerate the drying times 

of biofluid specimens quicker than if left to dry in ambient conditions. For diamond IREs this 

is evidenced by a quicker reduction in the OH bend region of all drying methods at 35 °C with 

added fan assistance (Figure S9, SI). The average area under the curve (AUC) at the OH band 

was calculated for four-time intervals of each of the 12 drying regimes tested. Incorporating a 

fan and heater combination was deemed the most optimal. These results have been presented 

in Table 3 as the reduction in OH is a direct indicator of the drying process.  
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Table 3: Area under the curve values at the OH band at different temperatures and time intervals. 

Temp (°C) Time (min) 
Air Flow (CFM) 

0 9 60 70 

25 

0 28.7 30.7 27.9 29.3 

2 28.3 29.2 16.4 18.5 

4 22.8 19.7 16.0 15.8 

6 19.8 15.2 15.9 15.7 

30 

0 28.7 26.8 21.9 22.6 

2 16.9 14.0 13.0 12.9 

4 12.9 12.5 12.6 12.4 

6 12.4 12.3 12.7 12.4 

35 

0 27.8 21.7 19.7 18.1 

2 14.2 11.9 11.9 11.9 

4 12.3 11.2 11.8 11.8 

6 11.1 10.9 12.0 11.9 

 

Larger OH curve areas indicate a higher presence of water in the sample, whereas low OH 

AUC represents a more dried state. Temperature alone appears to have a much larger impact 

on drying rate than fan usage, although when combined the effectiveness of each technique is 

greatly amplified. Samples can be dried efficiently in 2 minutes with the more powerful airflow 

rate. While there appears to be significant improvements in drying time when increasing fan 

rates from 9 CFM to 60 CFM, there does not seem to be substantial benefit in increasing the 

fan speed to 70 CFM. The greatest improvement in drying speed is still due to gentle heating, 

but the only way to ensure complete drying in two minutes is to use a combination of fans and 

heating. This is observed by the minor changes in area under the OH curve following the 

2-minute mark for droplets subjected to both heating above 30 °C and forced air drying above 

60 CFM. Table 4 shows the relative standard deviation (RSD%) of the area under the OH bend 
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for each drying regime tested to help establish which method is most reproducible, or to reveal 

any methods that might inadvertently be introducing variance into the sample. A less 

discernible pattern has emerged making the distinction of the most repeatable method less clear 

cut. In general, wet samples have poorer reproducibility perhaps due to higher scattering, less 

control over sample biomolecular distribution and sample thickness, and dispersion effects 

[44]. RSD% values for tests carried out at 25 °C and 9 CFM appear unreliable, as they are both 

very low at time zero (0.4%) and very high at four minutes (17.7%). Other values on Table 4 

indicate that the use of a fan generally improves sample reproducibility with some of the lowest 

RSD% values obtained at 70 CFM across all heater settings. It is not clear whether heating 

alone improves reproducibility of the dried films, but heating in combination with fan-assisted 

drying does seem to improve RSD% values. The droplet displacement caused by airflow from 

the fan may be responsible for improvements in reproducibility as this would result in more 

consistent sample coverage within the well, forcing samples into uniform thicknesses and 

disrupting the normal mechanisms by which the ‘coffee-ring’ phenomena takes place [34]. 

Table 4: RSD (%) of the OH band at different temperature and time intervals. 

Temp (°C) Time (min) 
Air Flow (CFM) 

0 9 60 70 

25 

0 17.9 0.4 8.5 3.8 

2 12.3 3.2 8.8 23.6 

4 32.2 17.7 5.9 4.2 

6 32.6 3.3 5.4 4.4 

30 

0 16.5 10.7 20.8 5.5 

2 32.2 21.8 5.6 7.3 

4 10.3 6.9 5.5 8.4 

6 7.3 6.6 6.0 9.0 

35 

0 6.9 21.0 10.6 11.9 

2 26.0 4.5 9.7 5.9 

4 11.2 5.4 9.7 5.8 
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6 4.8 6.6 9.3 6.0 

 

Sample preparation with conventional ATR-FTIR upon a fixed diamond IRE is a severely time 

limiting factor, thus batched drying is a highly promising solution. Therefore, similar drying 

methods were applied to SIREs in an attempt to optimise the batch drying protocol. An 

incubator was used to as an environment that could uniformly heat numerous SIREs 

simultaneously. The effectiveness of this new approach was tested by placing SIREs into the 

incubator (30°C), under a fan outputting 60 CFM airflow for 0, 2, 4, 6, 8, 16, and 32 minutes. 

As before, samples can be dried rapidly in at least two minutes. Table 5 highlights the area 

under the OH curve and the corresponding RSD% at each time interval. The AUC decreases 

rapidly after two minutes and remains relatively stable after this period. RSD% also improves 

dramatically after 2 minutes, and remains low up until 32 minutes have elapsed.  

 

Table 5: AUC and RSD% values for the OH band from the spectra obtained from silicon IREs after incubation 

at 30 °C and under a fan at a speed of 60 CFM. 

 

 

 

 

Most drying strategies described in this section can rapidly remove water content from serum 

samples deposited upon IRE sample sites with good reproducibility. In particular, moderate 

heating (30 °C or 35 °C) is capable of reducing drying times to approximately 2 minutes, and 

fan assisted drying (60 CFM or 70 CFM) is effective in maintaining and perhaps improving 

spectral quality of dried serum films. Humidity is another important parameter that should be 

kept consistent across batches of drying serum samples. Bou Zeid describes the differences in 

morphology of whole blood films which have dried under various relative humidity conditions 

[45]. Fracture patterns are much more prevalent in films dried in lower humidity may increase 

Time (min) 0 2 4 6 8 16 32 

AUC of OH stretch 12.9 7.4 7.2 7.1 7.1 6.9 7.0 

RSD (%) 39.3 2.7 1.8 3.7 1.8 3.6 1.3 
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scattering prevalence in FTIR analysis thereby increasing spectral noise. Furthermore, a study 

has shown that constant temperature humidity chambers set to 50% humidity and 75 °C can be 

used to homogeneously distribute droplet precipitates with rapid evaporation times, although 

optimal humidity conditions for serum would have to be independently investigated [46]. 

Numerous studies describe the impact drying patterns can have on the resultant spectra of 

samples studied using FTIR [34,36,47]. In particular, non-uniformity in either sample thickness 

or biomolecular distribution are primary causes of poor spectral quality. Sustained shear forces 

from air flow generated by the fans will help smooth surface irregularities and maintain a 

uniform sample thickness. Heating of droplets is also known to promote uniform precipitation 

of molecular constituents following evaporation [46]. The benefits both heat and air flow 

drying mechanisms have on spectral quality is evident in the findings presented here signifying 

that a combination of both fans and heaters can vastly reduce sample preparation time of serum 

for spectral analysis, but also reduce extraneous sample variance. Ultimately, this demonstrates 

the viability of batched sample preparation using SIREs for high-throughput ATR-FTIR. Batch 

processing optical sample slides should effectively minimise the variations observed through 

complex droplet dehydration, allowing a more controlled protocol for the drying dynamics of 

serum. 

Conclusions 

With a reported two-thirds of clinical laboratory issues occurring in the pre-analytical phase 

[18], it seems imperative that the biomedical spectroscopy field aims to standardise and 

optimise sample collection and preparation protocols, in order to facilitate successful 

translation into clinical practice. Here we have examined various pre-analytical factors that 

have the potential to become translational barriers. Our results suggest that many of these 

factors do not have a profound impact on spectral quality and/or reproducibility, such as 

altering the centrifugation parameters and usage of various blood collection tubes.  
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Investigating three different blood collection tubes and various centrifugal times and speeds 

has minimal impact on the spectral results providing blood is collected and serum is 

successfully produced. Short-term storage at 4 °C (up to 7 days) prior to freezing serum 

samples does not have a significant detrimental effect to the integrity of the biomolecular 

components. Similar to previous findings after storing frozen samples for 9 months [37], we 

found longer term storage at –80 °C for a period of 28 months also illustrated no significant 

effects despite previous studies describing the degradation of blood-based biomolecules due to 

storage conditions [29]. 

Intra- and inter-operator variability is a common theme in clinical scenarios [48–51], but with 

rigorous analyst training - and provided the standard operating procedures are followed for 

each analysis - these effects will be minimal. Biofluid volumes do not have a substantial effect 

on spectra, however it is recommended to use an appropriate amount depending on the IRE for 

analysis. 

Controlling the environment of the biofluids whilst they are drying and immediately prior to 

analysis will enable better reproducibility by removing any temperature and humidity 

variations which impacts on the dynamic of the droplet [34,45,52]. If a traditional fixed 

diamond IRE is used, fan-assisted drying will enable higher reproducibility and throughput. 

Likewise, disposable IREs may benefit from incubation-based drying processes.  

Successful implementation of the technique will depend on thorough experimental design and 

relevance to the particular clinical application. It is crucial that we ensure spectroscopic 

analysis is based on the detection the true molecular and pathological signatures rather than 

potentially detrimental external influences. Herein we can conclude that spectroscopic analysis 

is robust, reliable and will not be influenced by variations in pre-analytical experimental 

design, differences between operators within one laboratory or between different laboratories.  
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