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Unraveling RNA contribution

to the molecular origins of bacterial
surface-enhanced Raman
spectroscopy (SERS) signals
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Surface-enhanced Raman spectroscopy (SERS) is widely utilized in bacterial analyses, with the
dominant SERS peaks attributed to purine metabolites released during sample preparation. Although
adenosine triphosphate (ATP) and nucleic acids are potential molecular origins of these metabolites,
research on their exact contributions remains limited. This study explored purine metabolite release
from E. coli and RNA integrity following various sample preparation methods. Standard water
washing generated dominant SERS signals within 10 s, a duration shorter than the anticipated RNA
half-lives under starvation. Evaluating RNA integrity indicated that the most abundant ribosomal
RNA species remained intact for hours post-washing, whereas messenger RNA and transfer RNA
species degraded gradually. This suggests that bacterial SERS signatures observed after the typical
washing step could originate from only a small fraction of endogenous purine-containing molecules.
In contrast, acid depurination led to degradation of most RNA species, releasing about 40 times more
purine derivatives than water washing. Mild heating also instigated the RNA degradation and released
more purine derivatives than water washing. Notably, differences were also evident in the dominant
SERS signals following these treatments. This work provides insights into SERS-based studies of
purine metabolites released by bacteria and future development of methodologies.

Surface-enhanced Raman spectroscopy (SERS) is increasingly employed in bacteriological analysis. The dominant
spectral features in bacteria, primarily purine metabolites, are released following the washing process with water
or salt solutions during sample preparation'~. This washing step, originally intended to remove media compo-
nents from commonly used bacterial culture media such as Tryptic Soy Broth (TSB) and Miiller-Hinton Broth
(MHB), which are rich in purine derivatives*, inadvertently triggers a starvation response in many bacteria. This
response leads to the catabolism of intracellular purine-containing molecules, such as adenosine triphosphate
(ATP) and nucleic acids (e.g., RNA species), culminating in the release of small molecule end products'. The
ability of SERS to detect these metabolites in a label-free and sensitive manner renders it an invaluable tool for
rapid bacterial identification and antimicrobial susceptibility testing>>~’.

Major purine derivatives released by bacteria and corresponding SERS signatures have been documented'.
Adenine, hypoxanthine, guanine, and xanthine are among the most abundant purine metabolites released by E.
coli and several clinical pathogens, while guanosine, uric acid, and adenosine monophosphate (AMP) are also
found or even dominant in some bacteria such as Klebsiella pneumoniae. Nevertheless, although ATP and nucleic
acids are potential molecular origins of dominant SERS peaks from bacteria, and their turnover under stress
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conditions has been well studied'’-'¢, there is limited research linking these molecular origins to the released
purine derivatives in SERS-based analyses.

The purine content in ATP and nucleic acids exhibits significant variation'®">, as outlined in Supplementary
Table S1. For instance, an E. coli cell in the exponential phase cultured in rich media contains about 1.5 mM of
intracellular ATP within a cell volume of approximately 1 um? (1 fL)"7, equating to around 9 x 10° adenine units.
In RNA species, ribosomal RNA (rRNA) often represents over 90% of the total RNA mass®*. Such an E. coli cell
possesses roughly 50,000 ribosomes, each comprising a 23S, a 16S, and a 5S rRNA, with respective sizes of about
2900, 1540, and 120 nucleotides®"**. This totals approximately 2.28 x 10® nucleobases. Considering the roughly
equal presence of A, G, C, and T nucleotides in the E. coli genome”, there are about 5.7 x 107 adenine units in
rRNA, a figure 63 times higher than that in ATP.

Our previous study showed that an exponential phase E. coli cell can release approximately 10° purine deriva-
tive molecules within 10 min following water washing®. The disintegration of either ATP or mRNA could almost
account for this quantity, as indicated in Supplementary Table S1. Additionally, the turnover rates of ATP and
RNA species vary markedly. E. coli can deplete its ATP reserves within seconds during starvation'®!!, while
messenger RNA (mRNA) and transfer RNA (tRNA) require at least several minutes to degrade, and rRNA is
generally more stable'?~'°,

Consequently, we hypothesize that the dominant SERS peaks observed after the typical washing step, lasting
a few to tens of minutes, could be attributed to the breakdown of only a small fraction of purine-containing
molecules. Simultaneously, if most intracellular purine units are released, bacteria could produce much stronger
SERS signals than those observed after water washing.

This study aims to explore the molecular origins of purine metabolites released from bacteria in SERS-based
analyses with the impact of different sample preparation strategies on RNA integrity and SERS signatures.
Investigating the time-dependent release of metabolites and RNA integrity after water washing and other stress
conditions might offer insights into our hypotheses. However, examining the effects of specific stressors pre-
sents challenges. The washing step, routinely implemented before SERS measurement, postpones the immediate
observation of changes in SERS signatures following treatment.

To address these challenges, we employed a chemically defined medium devoid of purine derivatives. We
investigated the release of purine metabolites and RNA integrity after water washing, acid depurination, and
exposure to elevated temperatures. Our results disclosed the rapid response of E. coli to water washing, and vari-
ations in RNA degradation and SERS signal alterations under different sample preparation conditions.

16-23

Materials and methods

Bacteria strains

Escherichia coli BL21(DE3) was purchased from Yeastern Biotech (New Taipei City, Taiwan). Staphylococcus sp.
(ATCC 155) and Pseudomonas aeruginosa MOB193 were purchased from Bioresource Collection and Research
Centre (Hsinchu City, Taiwan). Mycobacterium tuberculosis H37Rv was provided by Far Eastern Memorial Hos-
pital (New Taipei City, Taiwan).

Bacterial cultures

E. coli was cultured with MHB, M9 minimal medium, or modified M9 (m-M9). m-M9 was modified from
M9 by replacing NaCl and NH,CI with 6 g/L of sucrose and 1 g/L of (NH,),SO,, respectively. Sucrose, which
E. coli BL21(DE3) cannot utilize as a carbon source, was used as an osmotic agent. In M9 or m-M9, glucose,
MgSO,7H,0, CaCl,, and FeSO,7H,0 were supplied at 4 g/L, 1 mM, 0.1 mM, and 0.01 mM, respectively. Staphy-
lococcus and Pseudomonas were cultured with MHB. Mycobacterium was cultured in Middlebrook 7H9 with
OADC Enrichment. Bacterial concentration was determined by optical density measurement at 600 nm (ODy)
with a spectrophotometer. For experiments, bacteria were inoculated from the ~80°C glycerol stock and cultured
at 37°C with shaking overnight, then subcultured to log phase (ODgq, ~ 0.5-0.6); except for M. tuberculosis, which
was directly cultured for 4-5 days due to its slow growth rate.

SERS-active substrates

The fabrication of Ag/AAO SERS-active substrates was carried out as described in our previous study”*>. Briefly,
silver nanoparticles were grown into the nanochannel arrays, etched on an anodized aluminum film coated on
glass slides, through electrochemical plating. The pore diameter and inter-channel gap of AAO nanochannels
were adjusted to around 50 nm and 10 nm, respectively. Substrates were cleaned by rinsing with double-distilled
water (ddH,0), vacuum-sealed in plastic bags, and used immediately after the bag was unsealed. Quality control
was conducted right before use by measuring the 10 M adenine solution, dripped near four corners of the
effective area.

7,25

SERS measurements

Each SERS substrate, with an effective area of around 26 x 56 mm, could measure 40-50 samples. One microliter
of sample was dripped onto the SERS substrate, covered with a low fluorescence optical glass, and measured using
a Horiba LabRAM HR800 Raman microscope equipped with a HeNe laser emitting at 633 nm and a 20 x objec-
tive lens. The incident laser power was about 0.66 mW. Calibration was performed using the 520 cm™ band of
a silicon wafer, achieving spectral accuracy and precision of <7 and 0.1 cm™, respectively. Each SERS spectrum
was obtained by averaging eight measurements from different positions within the sample. Each position was
scanned once with a 1 s exposure time and detected with a liquid nitrogen-cooled charge-coupled device. Spec-
tra that occasionally exhibited atypical patterns were removed. The remaining spectra were processed using
a custom-made baseline removal program based on a sensitive nonlinear iterative peak clipping algorithm?,
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and then averaged to obtain the mean spectrum. In this study, SERS spectra were exclusively obtained from
bacterium-free supernatants to eliminate the possibility of bacteria continually releasing metabolites post-sample
collection. These supernatants displayed SERS signatures comparable to the bacteria-containing suspensions,
particularly in terms of major peak positions and intensities, as determined by the maximum peak height (Sup-
plementary Fig. S1).

Effects of water washing

The sample was centrifuged at 12,000 x g for 3 min and 90% of the supernatant was replaced with an equal
volume of ddH,O. This supernatant was preserved for SERS measurement when necessary. The washing step
was repeated twice. Then, the bacterial suspension was incubated at 37°C for 30 min, unless otherwise specified.
Finally, the sample was centrifuged again and the supernatant was collected for SERS measurement. To eliminate
any potential infectious agents, the collected Mycobacterium supernatants were further heat-treated at 95 °C for
20 min before SERS analysis. For the time-dependent release of metabolites after washing, 1 mL of E. coli, cultured
with m-M9 with glucose, was centrifuged at 12,000 x g for 3 min and all supernatant was discarded. The pellet
was resuspended in 1 mL of ddH,O by pipetting. At each time point, a 100 uL aliquot of bacterial suspension
was filtered with a 0.2 um syringe filter. The filtrate was collected for SERS measurement.

Analysis of RNA integrity

RNA was extracted using the RNA snap ™ method?. Briefly, 400 uL of culture was centrifuged at 12,000 x g
for 2 min and 370 L of supernatant was discarded. The pellet was resuspended with 90 pL of RNA extraction
buffer (containing 95% formamide, 1% 2-mercaptoethanol, 18 mM ethylenediaminetetraacetic acid at pH 8, and
0.025% sodium dodecyl sulfate). The mixture was incubated at 95°C for 7 min, cooled on ice, and centrifuged at
12,000 x g for 5 min. The supernatant was collected and analyzed with 1% agarose gel. RNA concentration was
determined using the NanoDrop 1000 spectrophotometer.

RNA purification and semi-quantitative PCR

RNA was purified using the Presto™ Mini RNA Bacteria Kit (Geneaid, New Taipei City, Taiwan), with in column
DNase I digestion to reduce DNA contamination. RNA quality and quantity were examined by agarose gel elec-
trophoresis and the NanoDrop 1000. Approximately 2 ug of each RNA sample was reverse-transcribed to cDNA
using the RevertAid First Strand cDNA Synthesis Kit (Thermo Fisher Scientific, MA, USA) in a 20 pL reaction.
A control setup without reverse transcriptase was also performed to evaluate residual DNA. Quantitative PCR
was conducted using the StepOne Real-Time PCR System and the QuantiFast SYBR Green PCR master mix
(Qiagen, Hilden, Germany). Each 15 pL reaction volume contained 0.3 uL of the reverse-transcribed product
and was loaded in triplicate into 96-well plates. Thermocycling conditions were: 95°C for 5 min, followed by 35
cycles of 95°C for 10 s and 60°C for 30 s. The relative abundances of target mRNAs (gapA and rpsS) and tRNA
(ileV) in each sample were calculated using its 16S rRNA (rrsA) as the reference, with the values from residual
DNA subtracted. Primers are listed in Supplementary Table S2.

Acid depurination

To test conditions, 400 L aliquots of E. coli cultured with m-M9 with glucose were transferred into screw-capped
polypropylene tubes. HCI from a 2 M stock solution was added to achieve the desired concentrations and mixed
by vortexing. Samples were heated in a water bath at 95°C for 30 or 60 min, followed by cooling to room tem-
perature. After a brief centrifugation, an equal volume of 2 M NaOH stock solution was added to neutralize to
around pH 7. To evaluate its effect in comparison with water washing, 1 mL aliquots of the culture were treated
with either water washing or 0.3 M HCl at 95°C, followed by cooling and neutralization. ddH,0 was added as
necessary to maintain equal final volumes for comparison. The samples were then centrifuged at 12,000 x g for
3 min and the supernatants were collected for SERS measurements.

Effects of elevated temperature

Each 1 mL aliquot of E. coli cultured with m-M9 with glucose was placed in pre-heated water baths at desired
temperatures for 10 min. The samples were then centrifuged at 12,000 x g for 3 min and the supernatants were
collected for SERS measurements.

Results and discussion

Faster-growing bacteria released more purine metabolites than slower-growing ones

Most purine moieties in E. coli are predominantly found in several key molecules, particularly RNA species (Sup-
plementary Table S1). In bacteria, the intracellular levels of ATP and RNA species generally exhibit a positive
correlation with their growth rates'®?!. This suggests that bacteria might release more purine metabolites if ATP
and RNA species are indeed the primary molecular sources of dominant SERS peaks.

To investigate this hypothesis, we cultured E. coli in either a nutrient-rich medium (MHB) or a minimal
medium (M9 with glucose). The observed doubling times during the exponential phase were approximately
25-30 min in MHB and 50-60 min in M9, respectively (Fig. 1a). Upon harvesting an equal volume of both
cultures at ODg, ~ 0.5, followed by washing and soaking in double-distilled water (ddH,0), we found that cells
cultured in MHB released significantly more purine metabolites in SERS-based analyses compared to those
cultured in M9 with glucose (Fig. 1b). Additionally, RNA extraction revealed that MHB-cultured cells had about
1.4 times higher RNA content than those cultured in M9 with glucose (Fig. 1c).
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Figure 1. Influence of growth rate on SERS signals and RNA content in E. coli. (a) Growth curves of E. coli
cultivated in either MHB or M9 with glucose. Samples collected at ODg, ~ 0.5 (marked by arrows) underwent
washing for SERS measurements (b) and RNA extraction (c). (b) The bacteria were washed, immersed in
ddH,0, and incubated at 37°C for 30 min. SERS spectra were obtained from supernatants post-centrifugation
to remove bacteria. (c) Rapid RNA extraction from 400 uL of each culture was performed using the RNA snap
™ method; the extracted RNA was resuspended in 120 pL and quantified using a NanoDrop spectrophotometer.
The data represent the mean +SD of three experiments.

These findings corroborate the hypothesis that faster-growing bacteria with higher RNA concentrations
can release greater quantities of purine metabolites following water washing compared to their slower-growing
counterparts with lesser RNA. However, given the significant variation in purine content across ATP and dif-
ferent RNA species, the specific contributions of these species to SERS signals warrant further investigation.

SERS detection of purine derivatives in the m-M9 medium

Given the distinct turnover rates of ATP and RNA species, analyzing the time-dependent changes in SERS sig-
natures post-washing could elucidate the origins of purine metabolites. To circumvent the potential side effects
of multiple washing cycles before SERS measurement, we utilized a chemically defined medium devoid of purine
derivatives, m-M9. This medium, a modification of the M9 minimal medium, was optimized by replacing two
main chlorine-containing components to reduce its suppression of SERS detection sensitivity, particularly for
hypoxanthine (Supplementary Fig. S2). The suppression is likely due to chloride ions competing with analytes
for adsorption on the silver substrate.

We validated the capability of detecting purine derivatives in m-M9 by measuring SERS spectra of 10> M
solutions of adenine, hypoxanthine, guanine, or xanthine, prepared either in ddH,0 or m-M9. In ddH,0O
(Fig. 2a), adenine displayed characteristic dominant peaks at 732 and 1333 cm™, while hypoxanthine exhibited
peaks at 739 and 1317 cm ™. Guanine and xanthine both showed dominant peaks at 658 cm™'. The assignments
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Figure 2. SERS detection of purine derivatives in m-M9 medium. The SERS spectra of purine derivatives
(10° M) in ddH,O (a) and m-M9 (b). Key peaks corresponding to various purine derivatives are enumerated.
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of these major purine derivative bands have been well documented in the literature*-*2. Signals at around 925
and 970 cm™!, possibly originating from AgSO,, Ag,SO;, and Ag,SO, formed on the Ag/AAO SERS substrate
during fabrication (Supplementary Fig. S3), were excluded from the analysis®*~.

In the m-M9 medium, components produced broad spectra in the ranges of 520-630 and 890-1140 cm™,
obscuring the signals of purine derivatives (Fig. 2b). Adenine and hypoxanthine in m-M9 showed additional
dominant peaks at 735 and 743 cm ™, respectively, shifting by 3-4 cm™ compared to their aqueous solutions.
Another hypoxanthine’s peak also shifted from 1317 to 1323 cm™, and adenine’s 1333 cm™ peak in aqueous
solution became a broad spectrum in m-M9. The dominant peaks of guanine and xanthine shifted slightly from
658 to 660 cm ™! (Fig. 2b).

Thus, these results confirm that SERS can detect several major peaks of E. coli purine metabolites in situ in
the m-M9 medium. The observed peak shifts between preparations in ddH,O and m-M9 could be attributed
to interactions with m-M9 medium components. It is also important to note that other factors, such as analyte
concentration and environmental pH, are known to influence peak positions®**”.

Time-dependent release of purine derivatives and RNA integrity after washing

To assess the rapidity of E. coli’s response to water washing, we pelleted cells cultured in m-M9 with glucose,
resuspended them in ddH,0, and obtained bacterium-free supernatants using 0.2 um syringe filters to mini-
mize operational time. Although omitting multiple washing steps in sample preparation raised concerns about
residual medium influence, especially at initial time points, this method allowed sample harvesting within 10 s
post-ddH,0O addition.

Figure 3a reveals that major peaks, characteristic of hypoxanthine at 742 and 1322 cm™, along with minor
peaks associated with other purine derivatives, were present immediately at the first sampling point (i.e., 10 s).
These signals were notably above background levels in five out of six independent experiments, as measured
against controls of ddH,O or m-M9 (Fig. 3b). Intriguingly, several tests showed a transient decrease in the inten-
sity of the 742 cm™ peak between 2 and 5 min, followed by a resurgence to higher signal intensities (Fig. 3b).
Additionally, a shoulder peak at approximately 733 cm™ appeared at 60 min, potentially indicative of increased
release of hypoxanthine and/or adenine (Fig. 3a).

Considering these observations and the known rapid turnover rate of E. coli’s ATP under starvation
conditions!®!, the immediate signals post-water washing could be attributed to swift ATP degradation. E. coli has
been reported to uptake extracellular purine derivatives within the first few minutes of starvation®, which could
transiently diminish extracellular SERS signatures. However, it is hypothesized that the immediately released
metabolites from ATP degradation might be eliminated in the 2-3 washing cycles typically employed in SERS
analysis of bacteria. Consequently, the primary molecular sources are likely attributed to the subsequent deg-
radation of RNA, which gradually amplified the SERS signal intensities following bacterial soaking in ddH,O.
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Figure 3. Temporal dynamics of purine derivative release in starved E. coli. (a) SERS spectra derived from E.
coli cultured in m-M9 with glucose, subsequently centrifuged and resuspended in ddH,O. Samples from the cell
suspensions were taken at the specified time intervals, filtered using 0.2 pm syringe filters to eliminate bacteria,
and the filtrates were analyzed to obtain spectra. (b) The peak intensities at 742 cm™ from six experiments are
illustrated. To normalize for variations in sensitivity among SERS substrates, intensities in each experiment were
adjusted by setting the intensity at the 60-min mark to 1. The gray shaded areas approximately below 40 a.u.
denote the background intensities at 742 cm™, ascertained using ddH,O or m-M9. The spectra corresponding to
the experiment marked by an arrow are displayed in (a).
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To investigate RNA species degradation post-soaking in ddH,O, we rapidly extracted total RNA using the
RNA snap ™ method and analyzed it through electrophoresis. As depicted in Fig. 4a, major rRNA bands (23S and
16S rRNAs in E. coli) remained largely intact for several hours post-washing, exceeding the typical 10-20 min
washing duration in SERS-based bacterial analysis.

Furthermore, the degradation of mRNA and tRNA was examined via semi-quantitative PCR, using 16S
rRNA as a reference (Fig. 4b). Within 20 min post-washing, representative mRNAs (gapA and rpsS) degraded
to approximately 25-35%, while a representative tRNA (ileV) degraded to about 15%. Notably, the half-lives of
various mRNA and tRNA species vary, with most ranging from a few to tens of minutes'?. The selected mRNAs,
gapA and rpsS, represent some of E. coli’s most abundant mRNAs during the log phase and have half-lives near
the average, around 5.5 min'2.

These results suggest that ATP degradation occurs rapidly post-water washing, followed by mRNA and tRNA
degradation. Such degradation is likely to transpire during the bacterial preparation for SERS analysis, typically
lasting from a few to tens of minutes, depending on the protocol. The purine content in ATP, mRNA, and tRNA
is estimated at around 10°-107 molecules per cell (Supplementary Table S1), corresponding with the level of
released purine derivatives observed in our previous study®. Conversely, rRNA species, which harbor the high-
est intracellular purine content, generally remain intact post-water washing. If rRNA were to degrade and be
released, bacteria could potentially yield considerably more intense SERS signals.

RNA degradation by acid depurination enhanced SERS signal intensities

Purine metabolites released after water washing are thought to arise from enzymatic reactions. However, nucleic
acids can also release nucleobases through non-enzymatic reactions, such as acid depurination, which involves
breaking glycosidic bonds under specific conditions like heating in acidic environments®**.

To induce acid depurination, we added HCl to the E. coli culture to achieve final concentrations ranging
from 0.1 to 0.3 M and incubated at 95°C. The sample was then cooled to room temperature and neutralized to
approximately pH 7 using NaOH to prevent the strong acid from degrading the SERS substrate’s performance
and causing peak position shifts. Considering E. coli’s mesophilic nature and non-acidophilic characteristics,
these conditions are likely detrimental to most cellular proteins, indicating that purine derivatives released under
these conditions are probably not products of active purine metabolism.

SERS analysis of the bacterium-free supernatants revealed that heating in 0.3 M HCl for 30-60 min produced
the highest signal intensities (Fig. 5a), surpassing those observed following water washing. Dominant peaks at 734
and 1329 cm™ suggested the release of adenine as a result of acid depurination. Rapid RNA extraction and elec-
trophoresis further confirmed the near-complete absence of intact rRNA bands post-acid depurination (Fig. 5b).

To better understand the relationship between SERS signal intensity and the concentration of analytes, we
quantified the relative amount of released purine derivatives by measuring signals from HCl-treated samples after
various dilutions with water. Figures 6a and b show that the intensity of the HCl-treated sample, after approxi-
mately a 40-fold dilution, was comparable to that of bacteria soaked in ddH,O. This suggests that acid treatment
led to the release of about 40 times more purine derivatives compared to water washing. The enhancement in
signal intensity was not due to the presence of HCI in the sample. This is because the acidity was neutralized by
NaOH prior to the SERS measurements, and the presence of chloride ions could potentially reduce, rather than
amplify, the signal intensities of purine derivatives in our system.
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Figure 4. RNA degradation in starved E. coli. (a) E. coli was washed, soaked in ddH,O at 37°C, and RNA was
extracted at the specified time points using the RNA snap ™ method for electrophoresis analysis. Notable bands,
likely representing 23S, 16S, 5S rRNA, and tRNAs, are identified. (b) Alterations in the relative abundances of
two mRNAs (gapA and rpsS) and one tRNA (ileV) following washing and soaking in ddH,O are presented.

At designated times, total RNA was purified, converted to cDNA via reverse transcription. The relative

cDNA abundance of each target compared to the 16S rRNA was quantified using semi-quantitative PCR. The
data depict changes in relative abundances, with the baseline (t=0 min) set to 100%. The data represent the
mean + SD of three experiments.
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Figure 5. Effects of extreme heating in strong acid on purine derivative signals and RNA degradation in E. coli.
(a) E. coli cultured in m-M9 with glucose was treated with 0.1-0.3 M HCl at 95°C for either 30 or 60 min, cooled,
and neutralized. Samples were adjusted to the same final volumes, centrifuged to remove bacteria, and analyzed
by SERS. (b) RNA was extracted pre- or post-treatments using the RNA snap ™ method for electrophoresis
analysis. Major bands, likely representing 23S, 16S, 5S rRNA, and tRNAs, are indicated. The HCl-treated samples
were analyzed on the same gel shown in Fig. 4a; the control image used was identical.

Acid depurination was also applied to other bacterial species, including Staphylococcus sp., Pseudomonas
aeruginosa, and Mycobacterium tuberculosis. These latter two species typically exhibit low signal intensities
following water washing. As demonstrated in Fig. 6¢, acid depurination consistently produced higher SERS
signals compared to water washing across all tested species. Therefore, we infer that only a minor fraction of
intracellular purine-containing molecules undergo degradation and release after water washing. In contrast, a
sample preparation approach that includes rRNA degradation could significantly amplify SERS signal intensities.

Release of purine derivatives after mild heating

This finding spurred the hypothesis that other treatments that trigger RNA degradation and leave the purine
degradation machinery intact might also induce the release of purine metabolites. The employment of a chemi-
cally defined medium facilitated the monitoring of purine metabolite release from E. coli in response to various
stressors, such as temperature changes.

When the temperature for E. coli cultured in m-M9 with glucose was raised from 37°C to 50°C, slightly above
its optimal growth range, a marked increase in SERS signal intensities at 658, 734, and 1329 cm™! was observed
in the culture supernatant within 10 min (Fig. 7a). Such mild heating in salt solutions can facilitate rRNA degra-
dation (Fig. 7b). The distinct dominant peak at 743 cm™ observed post-water washing, as opposed to the major
733-734 cm™! peak induced by mild heating (Fig. 7a), suggests that different metabolic pathways or mechanisms
are activated under varying conditions. However, peak intensities diminished when cells were subjected to 60 °C,
although rRNA degradation was still extensive (Fig. 7a and b). This suggests that at higher temperatures, enzymes
in the purine metabolic pathway might become thermolabile and stop producing small-molecule end products.

While many RNases remain active even after cellular damage, enzymes involved in subsequent purine degra-
dation pathways might be differentially sensitive to environmental factors such as salt conditions, temperature,
and pH. This could lead to a shift in metabolic pathway selection, potentially affecting the efficient production
or release of small molecule end products. Therefore, rRNA degradation in damaged cells may not directly cor-
relate with the observed SERS signatures. It is also crucial to recognize that these responses can significantly vary
across different bacterial species due to genetic diversity. This highlights the complexity and variability in bacterial
responses to environmental stressors and the consequent impact on purine metabolism and SERS signal profiles.

Conclusions
Our study investigated the effects of various treatments on the release of purine metabolites from E. coli in a
chemically defined medium lacking purine derivatives. The rapid release of purine metabolites into the culture
supernatant within 10 s following water washing suggests that ATP, with its high turnover rate, could be a sig-
nificant contributor to these releases. In typical SERS-based analyses, the degradation of a portion of mRNA
and tRNA from a few to several minutes after water washing is likely the primary molecular source of purine
metabolites. Intriguingly, rRNA species, which harbor the highest intracellular purine content, generally remain
intact post-water washing.

However, alternative methods like heating at 50 °C under specific salt conditions or even 95 °C with HCI
can induce rRNA degradation and generate stronger SERS signals compared to water washing. These strate-
gies would be useful when examining those bacterial species that exhibit low signal intensities following water
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Figure 6. Substantial increase in purine derivative release following intense heating of bacteria in strong acid.
(a) E. coli cultured in m-M9 with glucose underwent either washing and soaking in ddH,O or treatment with
0.3 M HCl at 95°C, followed by cooling and neutralization. The samples were normalized to the same final
volumes, centrifuged to exclude bacteria, and analyzed using SERS. (b) Peak intensities at 734 or 743 cm™,
including those from the HCl-treated sample after various dilutions before measurements. (c) Staphylococcus sp.,
P, aeruginosa, or M. tuberculosis were subjected to similar treatments as in (a) for SERS analysis.

washing, such as Pseudomonas aeruginosa or Mycobacterium tuberculosis. By carefully considering factors like
washing solutions, temperature, and pH during sample preparation, researchers can influence the degradation
of different purine-containing molecules, thereby enhancing SERS signal intensities and detection sensitivity.
However, these modifications may also impact the activity and/or selection of purine metabolic pathways, lead-
ing to distinct spectral fingerprints.

Environmental changes elicit numerous stress responses regulated by the sigma factor RpoS and the signal
molecule (p)ppGpp*'~#. Although the transcription regulator RpoS requires time to activate stress response
genes, (p)ppGpp accumulates within minutes under stress conditions, making its role in purine metabolite
release a subject worthy of further investigation. Moreover, while several specific purine derivative importers
have been identified in bacteria, such as AdeP and AdeQ, for importing adenine in E. coli, purine exporters like
PbuE in Bacillus species are less commonly reported***°. Investigating whether any purine exporter contributes
to the rapid release of purine metabolites is thus warranted.
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Figure 7. Enhanced rRNA degradation and purine metabolite release from bacteria due to mild heating in
salt solutions. (a) E. coli, cultured in m-M9 with glucose, was either directly heated at 50 or 60°C for 10 min

or washed and incubated in ddH,0 at 37°C for 10 min. SERS spectra were obtained from the solutions post-
centrifugation to eliminate bacteria. (b) RNA was extracted from samples before and after heating using the
RNA snap ™ method for electrophoresis analysis. Significant bands, likely representing 23S, 168, 5S rRNA, and
tRNAs, are indicated.
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All data generated during this study are included in the article and its supplementary files or are available from
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