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Figure S1: A pictorial representation of the overall process described in this paper. 
Comparative HPLC and SERS samples are analysed at various time points 
throughout the biotransformation. Data analysis is then employed to see how well 
the SERS data agrees with the HPLC predictions. 



SERS optimisation: 
 
Prior to experiments, SERS profiles and enhancement factors of analytes can be 
improved by varying several parameters, with a great deal of attention being paid to 
optimising colloid substrates for SERS1-3. This optimization process involved 
investigating the effect colloid volume, analyte concentration, pH, aggregating agent 
and aggregation time had on the SERS response for each analyte. In order to identify 
each analyte in a mixture, optimum conditions were based on a compromise between 
all three analytes. 
	
	
	

	
	

	

	
	
	
	
	
	
	
	
	
	

Raman Shift (cm-1) 
 

Tentative band assignment[4-9]  

Hypoxanthine Xanthine Uric Acid 
1697 (s)     C-C, C-O, C-N 
1584 (m)   1554 (m) C-N 
    1515 

(vwsh) 
Asymmetric deformation NH3 

1453 (vs)     C-N or C-C 
1328 (vs) 1700 (s) 1369 (s) C-O  
  1319 (m)   C-N, bC-H 
  1244 (m) 1131(vs) Mixed ring vibrations, C-N 
  1134 10   C-N 
1094 (s)     R2trigd or bC-H (in-plane) 
    1017 (w) Ring vibrations 
  959 (m) 889 (m) bN-H or R2trigd  
734 (vs) 662 (vs) 640 (s)  

Table. S1. Raman and tentative SERS band assignments for the three analytes: 
hypoxanthine, xanthine and uric acid 

ν –stretching, b-bending, R-ring; trigd-trigonal deformation, s-strong, vs-very strong, m-
medium, w-weak, vw-very weak 



	
	

	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	

	
	 	

Figure S2: Flow diagram summarising the PLSR process in predicting concentrations 
of each analyte for the two and three analyte system  
 

Figure S3. Regression co-efficients for the conversion of xanthine to uric acid (two 
analyte system) with characteristic peaks for each analyte highlighted. 
 



Reproducibility of the SERS process for monitoring biotransformations 
 
 
We have demonstrated that building a PLSR model on data from a given replicate and 
calibrating each replicate separately showed that the data was in good agreement with 
one another, with high levels of predictability (reflected in the high R2 values). We 
next wanted to use data from a given replicate to predict data from other replicates to 
see how good the PLSR models were in terms of robustness and reproducibility. This 
involved building a piece-wise direct standardisation model (PDS) to account for 
variance between the data sets. A calibration transfer set was created for each 
replicate (averaged concentration for each of the 21 x standards) as well as a global 
transfer set (averaged spectra for each concentration across all the replicates). A PDS 
model was then built to model the difference between the two sets for each replicate, 
and then applied to the full data set from the corresponding replicate. 
	
The results were very encouraging, as when the PLSR model was applied to SERS 
standards from other replicates, the R2 and Q2 coefficients were consistently high (see 
supplementary Table S2) 
	
	

	

 Replicate No. of 
PCs 1 2 3 4 5 6 

R2 0.9831 - - - - - 6 

Q2 - 0.9837 0.9831 0.9743 0.9736 0.9728  

R2 - 0.9888 - - - - 4 

Q2 0.9853 - 0.9889 0.9792 0.9824 0.9809  

R2 - - 0.9917 - - - 4 

Q2 0.9841 0.9870 - 0.9825 0.9819 0.9820  

R2 - - - 0.9897 - - 5 

Q2 0.9825 0.9837 0.9875 - 0.9823 0.9825  

R2 - - - - 0.9841 - 3 

Q2 0.9845 0.9874 0.9883 0.9824 - 0.9829  

R2 - - - - - 0.9851 4 

Q2 0.9807 0.9808 0.9810 0.9785 0.9833 -  

Table S2 PLS-R model applied to SERS standard data on a given replicate 
(indicated in bold) and used to predict the other replicates. Q2 and R2 are the 
correlation coefficients from the test and training data sets respectively when the 
model predicts SERS standards for the other replicates. 
 



	
	

	
 
 
MCR is an iterative method and works by ‘unmixing’ the complex mixture into the 
contributions of the pure components.	
 

	
 
 

 
 

Figure S4 a) PLS loadings plot with characteristic peaks of each analyte annotated, 
emphasising the consumption of hypoxanthine (731 cm-1) and production of xanthine 
(662 cm-1) and uric acid (1134 cm-1). b-d) show regression co-efficients for each analyte 
with characteristic peaks for each analyte highlighted. 

Figure S5: Flow diagram summarising the MCR-ALS process in predicting 
concentrations of each analyte in a mixture in the inhibitor studies.  



 
 

	
	
	
	
	
	
	
	

 
Figure S6 a) Deconvolved Spectra of individual analytes from a mixture b) Individual 
kinetic profiles of xanthine consumption and uric acid generation at different inhibitor 
concentrations (control, 0.014 mM, 0.035 mM, 0.070 mM and 0.35 mM). The profiles 
were obtained using an MCR-ALS model, non-negative and trilinear constraint was 
applied to both concentration profiles and spectra matrix. The best model was a 2nd 
order polynomial regression with the interaction term included 
 



	
	

	
	
	
	
	
	
	

	
	
	
	

Sample X 
(%) 

U 
(%) 

Sample X 
(%) 

U 
(%) 

Sample X 
(%) 

U 
(%) 

1 100 0 8 65 35 15 30 70 

2 95 5 9 60 40 16 25 75 

3 90 10 10 55 45 17 20 80 

4 85 15 11 50 50 18 15 85 

5 80 20 12 45 55 19 10 90 

6 75 25 13 40 60 20 5 95 

7 70 30 14 35 65 21 0 100 

Figure S7 (a) UV absorbance of five different hydroxylamine-reduced silver 
colloids showing the comparison of λmax between batches (b) The SEM images 
show the hydroxylamine-reduced silver colloid of colloid 1 bound to the silicon 
support, with an average particle size of around 30±5 nm. The magnification is inset 
in each image.    
 

Table S3 Table containing standard mixtures of xanthine (X) and uric acid (U) in 5% 
increments for the two analyte system. For HPLC standards, the total concentration of 
each sample was 200 µM. For SERS standards, the total concentration of each sample 
was 25 µM 



Table S4. Table containing standard mixtures of hypoxanthine (H), xanthine (X) and 
uric acid (U) in 10% increments for the three analyte system. For HPLC standards, 
the total concentration of each sample was 200 µM. For SERS standards, the total 
concentration of each sample was 25 µM. 
	
	

	
	
	
	
	
	
	

Sample H X UA Sample H X UA Sample H X UA 
1 0 0 100 23 20 10 70 45 40 60 0 

2 0 10 90 24 20 20 60 46 50 0 50 

3 0 20 80 25 20 30 50 47 50 10 40 

4 0 30 70 26 20 40 40 48 50 20 30 

5 0 40 60 27 20 50 30 49 50 30 20 

6 0 50 50 28 20 60 20 50 50 40 10 

7 0 60 40 29 20 70 10 51 50 50 0 

8 0 70 30 30 20 80 0 52 60 0 40 

9 0 80 20 31 30 0 70 53 60 10 30 

10 0 90 10 32 30 10 60 54 60 20 20 

11 0 100 0 33 30 20 50 55 60 30 10 

12 10 0 90 34 30 30 40 56 60 40 0 

13 10 10 80 35 30 40 30 57 70 0 30 

14 10 20 70 36 30 50 20 58 70 10 20 

15 10 30 60 37 30 60 10 59 70 20 10 

16 10 40 50 38 30 70 0 60 70 30 0 

17 10 50 40 39 40 0 60 61 80 0 20 

18 10 60 30 40 40 10 50 62 80 10 10 

19 10 70 20 41 40 20 40 63 80 20 0 

20 10 80 10 42 40 30 30 64 90 0 10 

21 10 90 0 43 40 40 20 65 90 10 0 

22 20 0 80 44 40 50 10 66 100 0 0 



	
SUPPLEMENTARY METHODS 
	

REAGENTS AND MATERIALS 
 
All chemical reagents were of analytical grade and used with no additional 
purification unless otherwise stated. Hypoxanthine (≥99%), xanthine (≥99%), uric 
acid (≥99%), oxypurinol (≥98%), hydroxylamine hydrochloride (99%), sodium 
acetate trihydrate (≥99%), xanthine oxidase microbial lyophilized powder, acetic acid 
(HPLC) and water (HPLC) were purchased from Sigma Aldrich Ltd. (Dorset, UK). 
Potassium dihydrogen phosphate, dipotassium phosphate, sodium hydroxide, silver 
nitrate, hydrochloric acid and nitric acid were obtained from Fischer Scientific 
(Loughborough, UK).  
 

METHODS  

 

Synthesis of Silver Nanoparticles 
	
All glassware used in the synthesis of nanoparticles was pre-cleaned using aqua regia 
(3:1 hydrochloric acid:nitric acid) and washed thoroughly with deionised water. The 
glassware was left to dry at 50℃ before use.  
The reduction of silver nitrate by hydroxylamine ions (HRSC) followed Leopold and 
Lendl10. Briefly, 180 mL (1.88 x 10-3 M) hydroxylamine hydrochloride and NaOH 
(3.33 x 10-3 M) were prepared. To this, AgNO3 solution (20 mL, 1 x 10-2 M) was 
added drop wise and stirred for 15 min. A colour change to orange/brown indicated 
successful nanoparticle formation.  
 
The nanoparticle size distribution of HRSC was characterized by UV-Vis 
spectrometry to allow comparison of different batches. To ensure that the absorbance 
of the nanoparticles was less than 2, the sols were diluted 1 part in 3 parts water. The 
hydroxylamine-reduced Ag colloid was shown to have a surface plasmon band (𝜆!"#) 
of 411 nm, which was in agreement with the literature11. All spectra were background 
corrected. Scanning electron microscopy 12 was used to determine the morphology 
and distribution of the nanoparticles produced, with the later determining which 
colloid batch to use. The average particle size was around 30± 5 nm, again in 
agreement with the literature (supplementary Figure 7). 
 
 
Preparation of solutions for SERS and HPLC analysis  
 
 
Standards sample preparation. 5×10-4 M stock solutions of hypoxanthine, xanthine 
and oxypurinol as well as a 3.5×10-4 M uric acid were prepared in deionised water. 
Samples for individual analysis were then prepared by diluting the stock solutions to 
the appropriate concentration with 1 M potassium phosphate buffer. For SERS 
standards, analysis was performed as follows: 200 µL of HRSC was added to a glass 
vial, followed by 200 µL of analyte and buffer at desired concentration defined by 



standard. HPLC standards analysis was performed as follows: 200 µL of analyte and 
buffer at desired concentration defined by standards. Standards defined as follows: 
made up in defined increments in concentration. For the two analyte system, 21 x 
standards of binary mixtures were prepared with the concentration levels varied from 
0 to 2.5×10-5 M in 5% increments (see supplementary Table S3). For the three 
analyte system, 66 x standards of tertiary mixtures were prepared also with the 
concentrations ranged from 0 to 2.5×10-5 M in 10% increments (see supplementary 
Table S4). 

 

Reaction conditions for two analyte and three analyte system 
 
A stock solution of xanthine oxidase was prepared by dissolving 7 mg of xanthine 
oxidase microbial lyophilized powder in 1.1 mL potassium phosphate buffer at pH 7.6 
(stock concentration 2.25 x 10-5 M). Starting reaction mixture contained hypoxanthine 
or xanthine (dissolved in water, final concentration 3.5 x 10-4 M), potassium 
phosphate buffer at pH 7.6 (final concentration 0.3 M) and xanthine oxidase (1.38 
U/mg for the two analyte system and 0.844 U/mg for the three analyte system where 
one unit will convert 1.0 µmole of xanthine to uric acid per min at pH 7.6 and 25°C. 
Approximately 50% of the activity is obtained with hypoxanthine as substrate. 
 
 
Reaction sample preparation  
 
 
At each time point, 220 𝜇L of sample was removed from the reaction mixture, heated 
for 5 min at 80°C and centrifuged at 14000 ×g for 4 min before subjected to 
comparative SERS and HPLC analysis. 
SERS reaction samples were prepared as follows: 28.5 𝜇L sample from reaction 
mixture, 171.5 𝜇L 1M potassium phosphate buffer at pH 7.6, followed by 200 𝜇L of 
HRSC. 
115.3 𝜇L sample from reaction mixture was transferred to HPLC vial and subjected to 
HPLC analysis. 
 
 
 

INSTRUMENTATION  

 
 
UV-Vis characterization was carried out using Thermo Biomate 5 (Thermo Fisher 
Scientific Inc., Massachusetts, USA). 1 mL of the dilute nanoparticle solution was 
pipetted into a plastic cuvette and inserted into a sample holder. Data were acquired 
over a wavelength range of 300-800 nm.  
 
SEM micrographs were collected using a Field Emission Scanning Electron 
Microscope with ultimate beam size 1 nm and down to 100 eV electron energy (Carl-
Zeiss-Straße 56, 73447 Oberkochen, Germany). Samples were prepared on a silicon 
substrate, which helps to disperse negative charge and provides a greater contrast than 



glass thus resulting in higher resolution images and the reduction of noise. The use of 
silicon mimics glass so the nanoparticle deposition is comparable. 10 𝜇L of each 
colloid was pipetted onto the silicon and allowed to dry. 
 
SERS analysis was performed using a DeltaNu Advantage 200A portable Raman 
spectrometer (DeltaNu, Laramie, WY, USA) was used for collection of spectra using 
a HeNe 633 nm laser with ~3mW on the sample. Spectra were acquired for 20 s over 
a range of 200 – 3400 cm-1; the spectral resolution was 10 cm-1. Solution samples 
were placed in an 8 mm glass vial, vortexed for 3 s and allowed to aggregate for 2 
min, before subjected to laser irradiation once loaded into the sample cell attachment. 
The instrument was calibrated using toluene to find the ideal distance from laser to 
sample. All analyses were conducted in five technical replicates; the whole 
biotransformation was repeated six times on different days. 
 
HPLC separation was conducted using an Agilent 1100 series HPLC system set up for 
reverse phase consisting of a diode array detector. For the two analyte system, the 
column was 150 × 4.6 mm, hyperclone C18 (Supelco, Bellefonte, PA, USA) with a 
5𝜇 particle size. For each injection, the run time was 10.0 min. The mobile phase was 
0.020 M aqueous potassium phosphate buffer at pH 6.5, pumped at a flow rate of 1.0 
mL min-1. 50 𝜇L of each sample was introduced using an auto-injector. UV 
absorbance detection was measured at 254 nm. 
 
For the three analyte system (hypoxanthine/xanthine/uric acid and xanthine/uric 
acid/oxypurinol), the column was 250 x 4.6 mm, ACE 5 C18-AR (Reading, 
Berkshire) with a 5𝜇 particle size. For each injection, the run time was 12.0 min. The 
mobile phase was 0.047 M aqueous Acetic Acid buffer at pH 4.65, pumped at a flow 
rate of 1.0 mL min-1. 50 𝜇L of each sample was introduced using an auto-injector. UV 
absorbance detection was measured at 254 nm. 
 
 
 
 
DATA PROCESSING  
 
 
HPLC data analysis 
 
The peaks of the target analytes were integrated using ChemStation (Agilent 1100 
series).  Inverse calibration13 was then applied to build a linear regression model 
between the concentration levels of the analytes and the corresponding integrated 
HPLC peak areas using the standard solutions. This model was then applied to the 
samples collected from reaction and the concentrations of the analytes were predicted. 
The results of the HPLC data were served as an external validation data set to 
independently verify the accuracies of the SERS PLSR or MCR-ALS models in 
prediction.  
 
 
 
 
 



 
SERS data analysis 
 
 
All SERS data was exported from the DeltaNu Advantage 200A operating software 
and analysed using Matlab R2012a (The Mathworks, Natick, MA, USA).  
Partial least squares regression (PLSR) was employed as a multivariate data analysis 
method to model the concentrations of the analytes and the corresponding SERS 
spectra. This is achieved using the 21 standard solutions (and 66 standard solutions 
for the three analyte system) (see supplementary Tables S3 and S4) as the 
calibration set. The PLSR model was built on the SERS spectra collected from the 
calibration set. Internal validation of the PLSR model was achieved by performing a 
double cross-validation14 on the calibration set. The model was then applied to the 
SERS spectra acquired from the reaction samples to predict the concentration of each 
analyte.  
 
Piecewise direct standardisation (PDS)15 was applied to correct replicate-to-replicate 
variation in SERS. A replicate can be defined as each experimental day the reaction 
and standards samples were acquired. The PDS model was built on the calibration set 
which was available for each replicate (six different experimental days in total, i.e. six 
replicates). When one particular replicate was chosen as the target, the PDS model 
was built between the calibration set on the target replicate and that of each of the 
other five replicates. Each of the PDS models was then applied to the SERS spectra 
measured on the corresponding replicate (except the replicates on the target replicate). 
A PLSR model was built on the calibration set on the target replicate and then applied 
to the SERS spectra collected from all six different replicates and also the 
corresponding reaction SERS spectra. Such process had been repeated six times so 
that every experimental day had been chosen as target once. This is to test the 
possibility to employ one calibrated model to predict the data measured on different 
experimental days. 
 
Multivariate curve resolution - alternating least squares (MCR-ALS)16,17 was 
employed in the inhibitor reactions due to the fact that the SERS spectrum of 
Oxypurinol is highly similar to that of xanthine and uric acid and does not possess a 
characteristic peak. This made the results of PLSR model less satisfactory (data not 
shown). In MCR-ALS, the SERS spectra were normalised so that the sum of squares 
of each spectrum equals 1. Non-negativity constraint was applied to both 
concentration profile C and spectral profile S and each deconvolved pure spectrum 
had a unit norm (i.e. the sum of squares of each spectrum equals 1). The data matrices 
of different ratios of the inhibitor (i.e. oxypurinol) and the substrate (i.e. xanthine) 
were column-wise augmented so that a trilinear constraint could also be applied, 
enabling MCR-ALS to deconvolve the components with highly similar spectra18. The 
deconvolved concentrations were then compared with the integrated HPLC peak areas 
of the corresponding analytes and the deconvolved pure spectra were compared with 
the measured corresponding pure SERS spectra of the analytes 
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