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ABSTRACT: 14 
Cell culture media are very complex chemical mixtures that are one of the most important 15 
aspects in biopharmaceutical manufacturing.  The complex composition of many media leads 16 
to materials that are inherently unstable and of particular concern, is media photo-damage 17 
which can adversely affect cell culture performance.  This can be significant particularly with 18 
small scale transparent bioreactors and media containers are used for process development or 19 
research.  Chromatographic and/or mass spectrometry based analyses are often time-20 
consuming and expensive for routine high-throughput media analysis particularly during 21 
scale up or development processes.   22 
Fluorescence excitation-emission matrix (EEM) spectroscopy combined with multi-way 23 
chemometrics is a robust methodology applicable for the analysis of raw materials, media, 24 
and bioprocess broths.  Here we demonstrate how EEM spectroscopy was used for the rapid, 25 
quantitative analysis of media degradation caused by ambient visible light exposure.  The 26 
primary degradation pathways involve riboflavin (leading to the formation of lumichrome, 27 
LmC) which also causes photo-sensitised degradation of Tryptophan, which was validated 28 
using high pressure liquid chromatography (HPLC) measurements.  The use of PARallel 29 
FACtor analysis (PARAFAC), multivariate curve resolution (MCR), and N-way Partial Least 30 
Squares (NPLS) enabled the rapid and easy monitoring of the compositional changes in 31 
tryptophan (Trp), tyrosine (Tyr), and riboflavin (Rf) concentration caused by ambient light 32 
exposure.  Excellent agreement between HPLC and EEM methods was found for the change 33 
in Trp, Rf, and LmC concentrations. 34 
Keywords:  Cell culture media, Fluorescence, photo-degradation, riboflavin, chemometrics, 35 
PARAFAC. 36 

37 
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1.  Introduction 38 
Chemically defined media (CD-media) are widely used in industrial mammalian cell 39 

culture and comprise an integral element of the manufacturing process.  These CD-media are 40 
usually highly complex mixtures, containing amino acids, carbohydrates, vitamins, and other 41 
materials [1-4].  An enriched basal RDF (eRDF) media is one such example, which has 42 
relatively high concentrations of amino acids and glucose to sustain high density growth [5].  43 
eRDF can vary in composition but typically comprises in excess of 30 different chemical 44 
species [6, 7].  It has been previously noted that these media are not chemically stable [8], but 45 
can undergo some slow rate chemical reactions when stored in the dark between 2-8°C, the 46 
industry standard temperature for storing large volumes of cell culture media.  It is also well-47 
known that cell culture media, and particularly those containing riboflavin are very sensitive 48 
to photo-chemically induced changes which can adversely affect cell growth [9-13].  Thus 49 
monitoring media stability is critical at a variety of stages in the development and 50 
manufacture of biological APIs.  One generally develops and refines biologics manufacture 51 
on a small scale, paying particular attention to the generation of the best possible cell culture 52 
media that optimizes yield yet retains the other critical quality attributes required (e.g. 53 
glycosylation).  Often this development work is undertaken with the use of transparent 54 
bioreactors, media storage vessels, or single-use disposable bioreactors [14], which can be 55 
transparent to wavelengths of light that can induce photo-damage. 56 

Ideally for detailed analysis of media changes one would utilize chromatographic 57 
methods for the identification of specific component changes.  For example a recently 58 
reported study on retinoic acid stability in cell culture media used a HPLC method which 59 
required a ~40 minute runtime per sample after a very complex and multi-step sample 60 
handling procedure [15].  Another time-consuming approach is to use metabolomics based 61 
methods to generate a high resolution picture of the composition [16].  These types of 62 
methods are often not practical from a cost/time consideration particularly the media quality 63 
for multiple small scale bioreactors has to be analyzed over days or weeks.  What is needed is 64 
a rapid, inexpensive method capable of first detecting the onset of photo-damage and second 65 
quantifying the degree of change.  We suggest using a combination of excitation-emission 66 
matrix (EEM) spectroscopy with multi-way chemometrics methods for rapid monitoring of 67 
media change [17].  The efficacy of EEM combined with chemometric methods for the 68 
identification, quality analysis, and quantification of various constituents of cell culture 69 
media has been established [8, 17-19].  EEM-chemometric methods are an ideal process 70 
analytical technology for the assessment of critical quality and performance attributes of the 71 
complex materials used to prepare cell culture media [20-24].  Raman spectroscopy can also 72 
be used for the identification and quality monitoring of CD-media [25, 26].  However, 73 
conventional Raman spectroscopy does not have sufficient sensitivity for measuring the small 74 
changes in the photophysically active analytes which are only present in low concentrations 75 
for many media.  Here we demonstrate methods for using EEM methods to rapidly identify, 76 
monitor, and quantify both photo-chemically and chemically induced changes in cell culture 77 
media.  Furthermore, EEM measurements can provide quantitative analysis [19] of some 78 
specific photo-active species present in media such as riboflavin (Rf), tryptophan (Trp), and 79 
tyrosine (Tyr).  The ability to rapidly identify and quantify variances in the concentrations of 80 
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these fluorophores in the complex cell culture media is of interest from both quality control 81 
and quality assurance points of view.  These rapid spectroscopic methods provide a relatively 82 
inexpensive and rapid approach for media monitoring over extended timeframes, which 83 
should be of particular use during process development, scale up and general operations in 84 
biotechnology.  85 

 86 
2. Materials and Methods 87 
2.1 Materials:  eRDF was obtained from Kyokuto Pharmaceuticals Industrial (Japan).  NaOH 88 
(97+ %), NaHCO3 (99.7+ %), L-tyrosine (≥ 98%), L-tryptophan (≥ 98%), pyridoxine, (-)-89 
riboflavin and folic acid dihydrate (97 %) were obtained from Sigma-Aldrich and used 90 
without further purification.  An aliquot of sterilized high purity water was used to dissolve 91 
eRDF (4.4248 g), to which was added NaHCO3 (0.2832 g) before making the solution up to a 92 
final volume of 250 mL (17.7 g/L working concentration, eRDF stock).  The solution was 93 
immediately sterilized by membrane (0.22 μm) filtration and then dispensed as 1.25 mL 94 
aliquots into sterile containers (2 mL translucent polypropylene eppendorf tubes) before 95 
being placed in one of the four storage conditions:  1).  RT-L:  Room temperature in the light; 96 
2).  RT-D:  Room temperature in the dark; 3).  C-L: Cold (Fridge) with light, and 4).  C-D: 97 
Cold (Fridge) in the dark.  Control samples were stored in the dark at -70ºC. 98 
The dark stored samples were placed in a cardboard box covered with tin foil at all times.  99 
For the light exposed samples, a similar light source was used inside and outside of the 100 
fridge: Phillips warm white 827 Genie stick energy saving bulb (420 lumen) on for 24 hours a 101 
day (Figure S1, supplemental information).  The temperatures inside and outside the fridge 102 
were recorded throughout the experiment and the room temperature (r.t.) samples were kept 103 
at 16.4±3.0ºC whereas the fridge temperature 6.0 ± 1.5ºC.  The temperature variation in the 104 
fridge is explained by the necessity to have the power inlet for the lamp hindering perfect 105 
closure.  The four boxes containing the samples were rotated regularly in order to prevent 106 
inequalities between sample vis-à-vis temperature and light exposure conditions.  107 
Fluorescence EEM spectral data were collected over 32 days (Day 0, 7, 11, 14, 18, 21, 25, 28, 108 
and 32).  At every sampling point three samples were removed from each of the four storage 109 
conditions and immediately placed in the dark at 4ºC to limit any further change in the 110 
samples during the 3-4 hour time period required to collect the EEM from the 12 samples in 111 
random order.  112 
2.2 Sample preparation for calibration: For the quantification of Tyr, Trp, Rf, folic acid 113 
(FA), and pyridoxine (Py) in the photo-degraded eRDF we used a NPLS quantitative method 114 
in which the calibration samples were generated from spiked eRDF solutions.[19]  The 115 
method was extended in this study to quantify of Py, Rf, and FA.  In this method a Test 116 
(reference) 17.7 g/L eRDF solution was spiked 10 times in order to triple the initial analyte 117 
concentration (c0).  This lead to a total of 31 samples comprising a Test sample and 10 spiked 118 
samples for each analyte.  The EEM of these samples were collected in triplicate and then 119 
used for calibration (dataset quant_cal).  A second, independently prepared dataset 120 
(quant_pred) was used for prediction (see supplemental information for details). 121 
2.3 Fluorescence instrumentation and data collection: EEM were measured over various 122 
excitation and emission spectral ranges with a data interval of 5 nm using a Cary Eclipse 123 
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(Varian) fluorescence spectrometer with semi-micro quartz cuvettes1 [8].  The EEM matrices 124 
varied according to the specific target analytes being analyzed e.g. for amino acids, dataset 125 
AFaa):  λex = 220–400 nm/λem = 250–600 nm/slit widths = 5 nm; for the vitamins, dataset 126 
AFv:  λex = 315–540 nm/λem = 330–600 nm/slit widths = 5 nm (ex.) / 10 nm (em.).  127 
2.4 Chemometric methods and data analysis: All calculations were performed using 128 
PLS_Toolbox 4.0®, supplemented by in-house-written MATLAB® (ver. 7.4) code.  The 129 
NPLS quantification methods used modified standard addition method (MSAM),[27, 28] and 130 
unfolded principal component analysis (UPCA) which have been described in detail 131 
elsewhere [19].  Calibration model performance was assessed using both root mean square 132 
errors of validation (RMSEV), and prediction (RMSEP).   133 
2.5 High Performance Liquid Chromatography (HPLC): The HPLC system was an Alliance 134 
chromatographic separation unit (waters 2689) equipped with a UV detector (2487).  The 135 
column used was a 4.6x150 mm Sunfire C18 column with 5 µm particle size.  For the 10 first 136 
minutes a 85:15 mixture of 0.05 M KH2PO4 in milli-Q® water and methanol was used, 137 
followed by a 7:3 mixture of water and methanol for another 50 min.  Each run was 70 138 
minutes long which included a 10 minute equilibration between injections.  A 1.0 mL/min 139 
flow was kept constant throughout the run, and three injections per sample were made.  Two 140 
UV detection channels were used: 275 nm for the detection of tryptophan (Trp) and 360 nm 141 
for the detection of riboflavin (Rf) and lumichrome (LmC).  Calibration curves were prepared 142 
for each of Trp, Rf, and LmC over the relevant concentration ranges.  The Trp calibration 143 
curve had an R2 of 1.00, with an Relative Standard Deviation (RSD) of 0.47% (fit equation,  144 
y=1.71×104x+9.20×103).  The Rf calibration curve had an R2 of 0.99, with an RSD = 1.7% 145 
(fit equation,  y=2.60×104x-9.65×103).  For LmC the values were R2 = 0.922, RSD = 14.1% 146 
(fit equation,  y=1.74×104x-9.65×103). 147 
 148 
3. Results and Discussion 149 
3.1 Spectral changes caused by photo-degradation:  eRDF EEM solution spectra are very 150 
complex with the strongest emission from Tyr and Trp, and weaker contributions at longer 151 
excitation and emission wavelengths from Py, Rf, and FA [19].  When eRDF solutions were 152 
exposed to ambient room light very significant changes occured quite rapidly, and we 153 
observed (Figure 1) the formation of a new broad fluorescence band with excitation/emission 154 
at 360/460 nm (there are two weaker excitation bands at 240 and 260 nm associated with this 155 
emission).  The EEM difference spectra (Day32–Day0) show this more clearly, as well as a 156 
significant decrease in Trp emission (there is also a small noticeable decrease in Tyr 157 
emission).  The rate of increase of this new band is significantly fast when the media is 158 
exposed to light and can be easily identified using chemometric methods (vide infra). 159 
 160 

                                                 
1 In this set up a 4 mm excitation pathlength and 10 mm emission pathlength were used. 
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 161 
Figure 1: EEM landscape plots from selected eRDF solutions (17.7 g/L) in the amino acid region 162 
(AFaa).  Top row: samples stored at room temperature for 32 days in the light (a) and dark (b).  163 
Middle row: samples stored in the fridge for 32 days in the light (c) and dark (d).  Bottom Row:  164 
Difference EEM contour plots (Day32–Day0) of light exposed/room-temperature eRDF solution for 165 
the two different spectral regions measured (AFaa, AFv).   166 
 167 

The possible photo-products arising from the photo-degradation of Trp, Tyr, and Rf 168 
described in the literature are listed in the supplemental information (Table S3, supplemental 169 
information).  Lumichrome (LmC) is the compound that best explains the fluorescence band 170 
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appearing at 360 nm (ex.) / 450 nm (em.) in the irradiated solution EEM, and this agrees with 171 
literature observations, and HPLC measurements (vide infra) [16, 29-31].  The large decrease 172 
in Trp signal is indicative of significant degradation, probably caused by the formation of 173 
reactive oxygen species by photo-excited riboflavin [10, 32].  The most likely photo-products 174 
are N-formyl kynurenine (NFK) and5-hydroxytryptophan (5-HTP) with the possibility of 175 
tetrahydropentoxyline also being formed [16, 33, 34].  Hydroxy-kynurenine (HOK) was also 176 
found to be a Trp photo-product in the degradation of wool [35]. The tyrosine signal is also 177 
reduced, and a potential, direct photo-product is dityrosine [36, 37].   178 
3.2 Modelling of eRDF degradation:  To better characterize the spectral composition changes 179 
we used PARAFAC modelling of the EEM data collected from all the eRDF solutions [38, 180 
39].  First a PARAFAC, 4-factor model, was used to look at the widest EEM range and is 181 
thus dominated by Trp/Tyr emission (Figure 2).  It is clear that factors 1 and 2 correspond to 182 
Trp and Tyr emission respectively while factor 3 looks like a distorted Py emission band 183 
(compared to the PARAFAC model of fresh eRDF solutions, [19]).  The fourth factor covers 184 
the emission range where we might expect to observe the weak FA and Rf emission in the 185 
fresh media [19]; however, its appearance and behaviour suggest that this is in fact, emission 186 
arising from some of the photo-products.  This is borne out by the scores plots which show 187 
that this component is very weak for the dark-stored samples, but when exposed to light, this 188 
component becomes the dominant factor.  Thus irrespective of the specific source of the 189 
factor 4 signal, we can use the change in the scores of this factor as a direct measure of media 190 
photo-degradation.  It is important to note that, these changes in fluorescence response as 191 
measured by PARAFAC scores cannot always be simply related to specific changes in the 192 
fluorophore concentration.  Changes in concentration of other chromophores and 193 
fluorophores will affect the fluorescence emission of species without affecting their 194 
concentration, for example by inducing extra absorption related Inner Filter Effects (IFE).  195 
 196 
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 197 
Figure 2:  Excitation (a) and emission (b) loading of the AFaa PARAFAC model with 4 components.  198 
Components 1 to 4 are represented by blue squares (Trp), green inverted triangles (Tyr), red circles 199 
(Py), and cyan upright triangles (FA/Rf and/or photo-products) respectively.  The PARAFAC scores 200 
are shown for the four different storage conditions:  (a) RT-L,  (b) RT-D,  (c) C-L, and  (d) C-D.  The 201 
control samples (stored in  the dark at-70ºC) are arbitrarily shown at day 40 for comparison on each 202 
plot.  The model used non-negativity constrains on all modes, explained 99.9 % of the total spectral 203 
variance, and had a core consistency of 19.   204 
 205 

The scores plots show as expected (from the Rf photosensitised degradation pathway) 206 
that there are very large changes in Trp emission due to photo-degradation and over 32 days 207 
we see a 47 % drop in Trp relative intensity at r.t. in the light, but only a 6% decrease in the 208 
cold dark storage condition (Figure 2c-d).  The difference between the cold and r.t. stored 209 
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samples is very small, but after 32 days (dark) both are significantly less than the -70°C 210 
stored controlled samples.  This is probably due to photo-degradation occurring during 211 
sample preparation (~4 hours) and handling, and is supported by the slight increase of the 212 
photo-product signal (factor 4, Figure 2) concurrent with the signal decrease of the intrinsic 213 
fluorophores (Trp and Tyr).  However other chemical degradation pathways are also expected 214 
as these complex chemical mixtures in the liquid state will undergo collisional induced 215 
reactions [8].  Tyr displays a similar behaviour, with a 31 % drop of relative intensity for 216 
warm-light storage and only a 5 % drop in the cold-dark.  217 

It is important to note that in a complex medium, such as eRDF, the precise 218 
relationship between changes in fluorescence emission and analyte concentration changes is 219 
not always easy to decipher.  The chemical changes induced by light absorption results in 220 
concentration changes in both intrinsic fluorophores and fluorescent photo-products, both of 221 
which are clearly seen in the EEM plots.  However, secondary effects caused by changes in 222 
absorption (e.g. IFE) and changing quenching rates are also present and these have to be 223 
considered.  When we compare the absorption spectra of the fresh and 21 day light aged 224 
eRDF solutions (Figure S-3, supplemental info) we see significant increases in light 225 
absorption between 240 and 320 nm, and very little change above 400 nm.  Based on the 226 
increase in absorption only, we can estimate that IFE would be responsible for decreases of 227 
25 and 22 % in emission signal for Trp and Tyr respectively over 21 days.  However, the 228 
PARAFAC model shows 38 and 23 % decreases respectively, for Trp and Tyr, which is again 229 
clear evidence for Trp is photo-degradation.   230 

For Tyr it is interesting to note that only ~1 % of PARAFAC Tyr signal drop is 231 
ascribed due to photo-degradation when absorption IFE is considered.  It is known that Tyr 232 
can also be photo-degraded by Rf and oxygen in a similar fashion, but at a slower rate than 233 
Trp [40].  However dityrosine formation (300 nm excitation and 400 nm emission [37] was 234 
not observed and this is consistent with the results from a previous study of cell culture media 235 
degradation [16].  The third component which is similar to Py emission behaves very 236 
differently in that there is virtually no change when exposed to light at r.t. or in the cold, but 237 
we observe some significant increases in apparent emission when stored in the dark.  238 
However changes in the Py emission is better modelled using a narrower spectral region 239 
(AFv), (Figure 3).  The fourth factor in the PARAFAC model (AFaa dataset) is obviously 240 
associated with the generation of several photo-degradation product(s).  From the appearance 241 
of the loadings plots it is obvious that there are at least two emitting species in this fourth 242 
component.  PARAFAC on the wide EEM spectral range cannot clearly resolve these species 243 
probably because the Trp and Tyr, responsible for over 70 %2 of the signal in this EEM 244 
region, obscures the longer wavelength photo-products emission.  To better resolve the signal 245 
corresponding to this component we reran PARAFAC on the smaller EEM range (AFv) 246 
which excludes much of the Trp/Tyr signal.  However, neither 4 factor (supplemental 247 
information) nor 5 factor models were good.  The 5 factor model was not stable (and core 248 
consistency <0) probably due to the collinearity between the excitation component of several 249 
fluorophores making PARAFAC unfit for the modelling of this dataset.   250 
                                                 
2 Calculated based on the % of X explained by the 2 first component in the PARAFAC model. 
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 251 

 252 
Figure 3 6-factor MCR-ALS model of the AFv dataset.  Top row:  (a) excitation and (b) emission 253 
loadings.  Middle row: Scores plots for samples at room temperature exposed to light (c) and in the 254 
dark (d).  Bottom row:  Scores plots for samples at low temperature exposed to light (e) and in the 255 
dark (f).  Factors 1 to 6 are represented in blue (■), green (), red (◯) and cyan (▲),magenta (x) and 256 
orange (♦)  respectively.  The controls (-70ºC) are arbitrarily shown at day 40.  The model used non-257 
negativity constrains on both modes. 258 

 259 
To solve this issue we implemented Multivariate-Curve Resolution (MCR) on the 260 

augmented AFv matrix with the emission variables as the ‘spectral’ mode and the combined 261 
excitation and sample variables as the ‘concentration’ mode.  AFv was found to be best fitted 262 
with a 6 factor model (Figure 3).  In Figure 3, the formation of LmC (factor 6) as a response 263 
to the riboflavin degradation (factor 3) is evident and the formation of two other degradation 264 
products is also visible (factor 4 and factor 1).  It is clear that restricting the EEM range to the 265 
longer wavelength range gives a much clearer view of the evolution of the degradation 266 
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products.  We observed three distinct fluorescent degradation products, and the excitation and 267 
emission loadings obtained for the MCR model were ascribed to the following species: 268 
Hydroxy-kynurenine (HOK),[41] N-Formyl-kynurenine (NFK), Py, LmC,[16] and Rf (Table 269 
1, and supplemental information).  However loss in the Trp signal is not clear in Figure 3 and 270 
this is due to the fact that the Trp signal in this dataset only includes the Trp excitation tail 271 
above 315 nm.  Furthermore, the low quantum yields and extinction coefficients of the Trp 272 
photo-products are offset by the fact that Trp concentration is 150 times that of Rf.  Thus the 273 
kynurenine derivatives should have an equivalent impact to that of LmC on the EEM spectra.  274 
The NFK and LmC factor scores are not zero for the starting point nor for the control samples 275 
because of photo-damage occurring during sample preparation.  276 

The observed decrease of the Rf signal (factor 5) during storage is very significant 277 
with light, (for RT-L it is ~85 % after 32 days) compared to when the medium is kept in the 278 
dark (13 % in C-D after 32 days,).  The rate of decrease is also greater at r.t., with the Rf 279 
emission reduced by 50% in less than 7 days whereas at 6 ºC, it took ~10 days for a 50 % 280 
reduction in signal.  Concurrent with Rf removal, we see an increase in signal for LmC 281 
(factor 6) that is inversely related to the change in the Rf MCR scores.  This is direct 282 
evidence for LmC formation from Rf photo-degradation.  The scores of the other two factors 283 
(4,1) does not follow this trend indicating a separate source for these products (kynurenine 284 
derivatives) i.e. they arise from Rf photo-sensitised degradation of Trp.  LC/MS evidence for 285 
these pathways has been published [16].  The Py associated factor (#2) seems to be relatively 286 
constant irrespective of the storage conditions.  The slight decrease in its scores for the light 287 
exposed samples is attributable to IFE caused by the generation of LmC and kynurenine 288 
photo-products Trp which all have significant molar absorptivity’s in this spectral range.  As 289 
above we also have to consider the IFE changes, and at the excitation wavelength maximum 290 
for Rf (365 nm) absorbance is increased by ~30 % over 21 days.  This would lead to a 9 % 291 
reduction in the available excitation light and thus an equivalent decrease in emission 292 
intensity.  This is not however, sufficient to explain the 77 % signal loss recorded, and thus 293 
we can safely conclude that Rf is being removed by photo-degradation. 294 

To validate the fluorescence EEM observations that Rf/Trp degradation coupled with 295 
the production of lumichrome were the dominant processes, a quantitative HPLC study was 296 
undertaken.  The Rf, Trp, and LmC levels in various samples stored at room temperature and 297 
under light exposure were measured.  The linear range for Trp, RF, and LmC were 8.32 to 298 
166.4 µM, 0.054 to 1.08 µM and 0.22 to 1.08 µM respectively.  First non-photo-degraded 299 
samples were tested, and the concentrations of Trp and Rf measured in a control sample and a 300 
sample kept in the fridge in dark for 32 days were very similar (79.9/79.4 µM and 0.54/0.53 301 
µM – control/FD) which is in agreement with the observed fluorescence data.  After 32 days 302 
in the fridge in the dark the concentration of LmC was too low to be detected using this 303 
HPLC method.  When the room temperature, light stored samples were tested we observed a 304 
linear decrease in Trp concentration (figure 4a), an exponential like decrease in Rf (figure 305 
4b), and an increase in the concentration of lumichrome (figure 4b).  When we then 306 
compared the HPLC concentration data with the recovered MCR scores (figure 4c-e) we 307 
observe a linear relationship for both the Trp and LmC.  The case with Rf it is less certain 308 
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because as after 11 days the Rf concentration has decreased below the limit of detection for 309 
the specific HPLC method employed (Table 2).   310 

 311 

 312 
 313 
Figure 4:  (A) Tryptophan, and (B) Riboflavin/Lumichrome concentrations measured by HPLC for 314 
media samples stored in the light at room temperature.  The average of 3 injections per sample are 315 
shown (error bars are plotted).  The data used for Lumichrome are those with relative standard 316 
deviations of less than 10% (n=3).  After 11 days the Rf was not detectable using this HPLC method 317 
(the limit of detection was ~0.05 µM).  (C-D) scatter plots showing the correlation between the 318 
measured concentrations of Trp, Rf, and LmC by HPLC with the recovered MCR scores for these 319 
components.   320 

 321 
 322 

3.3 Quantification of components using EEM data : Trp and Tyr in eRDF solution can also 323 
be quantified by EEM using a previously demonstrated modified standard addition method 324 
[19].  NPLS [42] was used because it can handle some of the deviations from data tri-325 
linearity caused by IFE and Radiative Energy Transfer [43].  Here we expanded the method 326 
to the quantification of Py, FA, and Rf in eRDF.  For each of these analytes a large series of 327 
studies were undertaken in which we varied the spectral region sampled, the pre-processing 328 
steps, and NPLS model parameters.  After this sequence of trial and error we determined the 329 
best quantitative models (Table 3 & supplemental information) by considering the RMSEV 330 
and RMSEP values.   331 
 332 
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 333 
 334 
Figure 5:  (Top) UPCA analysis (2 components) used for Tyr prediction of the photo-degraded 17.7 335 
g/L eRDF.  The calibration samples [non-spiked (▴ ), Trp spiked (●) and Tyr spiked (★)] and photo-336 
degraded samples (RT-L (▾ ), RT-D (*), C-L (■), and C-D (+)) are shown.  The model used a spectral 337 
range of 220-295 nm excitation and 305-495 nm emission region which was centred across the sample 338 
mode and scaled within the excitation mode.  (Bottom) Predicted Trp (a) and Tyr (b) concentrations 339 
of non-outlying samples that were stored for several days in conditions) RT-L (▲), RT-D (*), C-L 340 
(■), and C-D (+). 341 
 342 

Py and Rf could be determined with REP’s of 4.6 and 2.3 % respectively, however the 343 
Py model uses as many as 8 LVs.  In such complex samples, high numbers of latent variables 344 
is expected but it also raises the issue of over fitting.  For this reason the FA and Py model 345 
were not used.  Calibration for the determination of FA only led to REP of 8.7 % at best, and 346 
up to 12 LVs are required.  This is due to the weakness of FA fluorescence and its strong 347 
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extinction coefficient source of high deviation to tri-linearity condition impacting all 348 
fluorophores.  The Trp, Tyr and Rf models were then used for the quantitative analysis of the 349 
stored eRDF media solutions.  One drawback in using these NPLS models for the analysis of 350 
the photo-degraded media is that only minimal variations from the matrix of the reference 351 
samples used in the calibration step are allowed.  Therefore, we first had to assess the 352 
suitability of the aged eRDF media samples for use with these quantitative models.  The EEM 353 
data collected from the stored media were analysed using UPCA models generated from the 354 
original calibration samples for each analyte determination (Trp, Tyr [19], and Rf).  We used 355 
the resultant Hotelling T2 vs. Q-residuals plots (T2-Q plot, using a 95 % confidence limit) to 356 
select the samples which were suitable for quantitative analysis.  Figure 5 shows the UPCA 357 
T2-Q plot for the Tyr prediction model (see supplemental information for details of the other 358 
analytes).  From this plot, it is obvious that the emission from samples stored in the light 359 
undergo much more change than the dark stored samples.  For Tyr all the dark stored samples 360 
appeared to be fit for quantification using the MSAM-NPLS quantitative models (apart for a 361 
single outlier measurement).  For the light exposed samples, the only samples found suitable 362 
for Tyr quantitative analysis were those exposed to light for less than 11 days at low 363 
temperature or four days at r.t.  In practice, a more frequent sampling plan in the initial stages 364 
would be better for tracking the changes in analyte concentration for the light exposed 365 
samples.  The predicted concentrations for the degraded and control samples are given in the 366 
supplemental information and shown graphically in Figure 5.   367 

The rapid drop in concentrations of Trp under irradiation (~18 % after 7 days for Tyr 368 
and Trp respectively at r.t.) agrees with the PARAFAC results, with Trp undergoing photo-369 
degradation leading to the formation of hydroxykynurenine, N-formyl-kynurenine [16], and 370 
probably other non-fluorescent compounds.  When compared to the HPLC measurements, the 371 
NPLS method overestimates the concentration drop (-18% versus -10%), which is due to two 372 
factors.  First the NPLS model was built using the formulation value as the Day 0 373 
concentration, and second the large change in the matrix is obviously having an impact on 374 
accuracy as is the case for Tyr.  For Tyr, the significant concentration drop plotted (Figure 375 
5b) results from the fast changing fluorescence matrix and in particular the change in IFE 376 
(see above) rather than a real change in concentration.  The Rf NPLS model was the only 377 
other model which was acceptable; however, when the stored samples were tested against the 378 
UPCA model (supplemental information) we found that none of the stored (dark or light) 379 
samples could be used for prediction as the degree of spectral/matrix change was too great.  380 
This indicates that this particular model is too sensitive to Rf concentration changes which is 381 
unsurprising since we used a very narrow spectral range centred on the Rf emission band for 382 
this model.  These results also raise the possibility that photo-degradation of Rf is taking 383 
place very rapidly during the sample preparation and handling.   384 

 385 
4. Conclusions 386 

This study shows that fluorescence EEM coupled with multi-way chemometrics 387 
methods is a rapid, effective and inexpensive method for the quantitative analysis of cell 388 
culture media photo-degradation.  The method requires minimum sample handling and only 389 
takes ~5 minutes per measurement which is considerably faster than high resolution HPLC or 390 
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mass spectrometry based approaches.  PARAFAC/MCR-ALS provided an unambiguous 391 
measurement of the degradation process both by monitoring the decrease of intrinsic media 392 
components and the formation of photo-degradation products.  Furthermore, the fluorescence 393 
data for Trp and Rf were in excellent agreement with the HPLC measurements.  We do 394 
accept that these methods do not provide for unambiguous identification of many specific 395 
photo-products, however, the important issue is the identification and quantification of the 396 
degree of photo-damage.  A detailed investigation into the specific materials degraded and 397 
the photo-products formed can then be undertaken using more expensive separations and 398 
mass spectrometry based approaches.  In addition, it was possible to quantify the change in 399 
concentration in samples that were not extensively photo-degraded with a reasonable degree 400 
of accuracy using NPLS.  However, for more degraded media, the method is not as accurate 401 
as the MCR based approach where there are good linear correlations between true 402 
concentrations and MCR/PARAFAC scores. 403 

The combined benefits of being able to first determine photo-degradation and second 404 
being able to quantify low levels of degradation using EEM offers considerable benefits for 405 
routine quality assurance requirements during media formulation and operational use.  In 406 
particular these methods will be of benefit for small scale bioreactor studies or where 407 
transparent single-use disposable bioreactors are often used.  The low-cost, and short time 408 
required per analysis should facilitate implementation of simple control strategies to make 409 
small scale cell culture more reliable.  This information can thus be used to trigger a more 410 
time-consuming and expensive chromatographic based investigation.  These methods when 411 
coupled to previous research on qualitative analysis of media components [18], and 412 
correlating media variance with process performance [8] allows for the use of fluorescence 413 
EEM as a comprehensive analytical tool for biotechnology manufacturing.   414 
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 482 
Table 1:  Summary of the PARAFAC model generated from the AFaa dataset.  483 

4-Component:  AFaa dataset. 
Component % fit Ex (nm) Em (nm) ID 

1 51.73 230/275 350 Trp 
2 21.32 230/275 305 Tyr 
3 2.05 250/285/325 390-405 ~ Py 

4 1.43 250/360 460 
Photo-

products 
 484 
Table 2: Summary of the MCR-ALS model generated from the AFv dataset. 485 

Component EV*  Ex (nm) Em (nm) ID 
1 56.00 360 455 HOK 
2 14.84 320 390 Py 
3 6.82 340 - 3753 & 

455 
525 RF 

4 11.25 335 - 3504 425 NFK 
5 1.29 <315 360 Trp 
6 9.75 355 490 LmC 

* (% fit X) 486 
 487 
Table 3:  Summary of results for the models giving best prediction of Trp, Tyr, and Rf using 488 
selected EEM regions (see supplemental information for Py and FA). 489 

Analyte X (a) Y(b) LV 
Rex 

(c) 
(nm) 

Rem
(c) 

(nm) 
Pre-P(d) 

REV 
(e) 

(%) 

REP 
(e) 

(%) 

REPT 
(e)  

(%) 

Trp 
Trp, 
Tyr 

Trp 4 
220 – 
310 

285 – 
495 

C1,C 2.4 4.7 1.3 

Tyr 
Trp, 
Tyr 

Trp, 
Tyr 

3 
220 – 
290 

305 – 
495 

C1S2,A
S 

4.6 4.7 2.9 

Rf RF RF 3 
410 – 
475 

485 – 
600 

C1,C 0.9 2.3 4.1 

(a) The samples included in the calibration step were subsequently spiked with these analytes 490 
(b) The concentration of these analytes were used in the calibration steps 491 
(c) Rex and Rem are the excitation and the emission range defining the sub-sample of the original EEM used. 492 
(d) PreP, Pre-processing on X, Y. Centering (C or C1), Scaling on mode 2 and/or 3 (S2 and/or 3), Autoscaling 493 

(AS). 494 
(e) REC, REV, REP are the relative error of calibration, validation and prediction respectively; those errors 495 

are calculated from the RMSEC, RMSEV and RMSEP relatively to the mean of the expected values in 496 
each case. 497 

 498 
                                                 
3 The maximum shift across storage time 
4 The maximum shift across storage time 


