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Abstract: Bacterial biofilms are major contributors to persistent infections and antimicrobial resistance, posing significan
challenges to treatment. However, obtaining high-resolution structural information on native bacterial biofilms has
remained elusive due to the methodological limitations associated with analyzing complex biological samples. Solid-state
NMR (ssNMR) has shown promise in this regard, but its conventional application is hindered by sensitivity constraints
for unlabeled samples. In this study, we utilized high-sensitivity Dynamic Nuclear Polarization (DNP) ssNMR to
characterize native Pseudomonas fluorescens colony biofilms. The ~75-fold sensitivity enhancement provided by DNP
enabled structural characterization without isotope labeling or chemical/physical modification. We successfully collected
1D “C/"N, and 2D 'H-"C, 'H-"N and “C-"C ssNMR spectra within seconds, minutes or hours, facilitating the
identification and quantification of biofilm extracellular matrix (ECM) components. Additionally, DNP ssNMR allowed
quantitative detection of both flexible and rigid biofilm components by favorable freezing conditions. This study
represents the first application of ultrasensitive DNP ssNMR to characterize a native bacterial biofilm, significantly
expanding the capabilities of ssNMR for analyzing the composition and structure of a wide array of in vitro and ex vivo
biofilms. The versatility of this approach will accelerate structure-guided efforts to combat infections caused by biofilm-
\forming microbes. )

Introduction stressors. Biofilm-associated bacteria account for approxi-

mately 80 % of chronic infections!"! and play a significantly
Bacteria form structured communities known as biofilms, role in the growing threat of antimicrobial resistance
which provide a protective environment against various (AMR).”! Within biofilms, bacterial cells exhibit antibiotic
tolerance levels several orders of magnitude higher than
their planktonic counterparts.”) AMR-related diseases cause
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The structural integrity of biofilms relies on a complex
extracellular matrix (ECM) that surrounds bacterial cells.
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amyloids, polysaccharides, lipids, extracellular DNA
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resolution structure of CsgA from E. coli and the high-
resolution structures of TasA from B. subtilis and PSMoal
from S. aureus, the latter two determined in part by our
the terms of the Creative Commons Attribution Non-Commercial g?Ol%p[SJ Similarly, hlgh-r.esolutlon. structure}l data on the
NoDerivs License, which permits use and distribution in any med- biofilm ECM polysaccharides remain scarce."”

ium, provided the original work is properly cited, the use is non- Analyzing the structure of biological compounds within
commercial and no modifications or adaptations are made. their native physiological environments poses significant
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technical challenges."” High-resolution techniques such as
NMR spectroscopy and cryo-electron microscopy (EM) or
tomography show great promise for studying these complex
biological systems.'*'! Among these, NMR spectroscopy
stands out due to its ability of providing a comprehensive,
quantitative overview of a biofilm sample. However, the
complexity of biomolecules in native environments often
requires multidimensional (nD) NMR methods to resolve
and simplify overlapping signals. Effective analysis typically
relies on isotopic enrichment at high concentrations, which
is impractical for native samples like patient-derived bio-
films, such as those from cystic fibrosis.'” Magic-angle
spinning (MAS) ssNMR (ssNMR) can deliver high-resolu-
tion structural insights into insoluble species, but its low
sensitivity remains limiting, in particular for unlabeled
native biofilms. Enhancing sensitivity is therefore imperative
for rapid and effective ssNMR analysis of such biological
native samples. Dynamic nuclear polarization enhanced
ssNMR (DNP ssNMR) addresses this sensitivity issue,
enabling characterization of native systems.!"”!

Over the past decade, ssNMR has been utilized to
analyze the chemical composition of diverse biological
samples, including bacterial, plant, and fungal cell walls.
However, these studies predominantly employed 1D ssNMR
spectroscopy,l™'¥ which limits accurate quantification due
to inherent low resolution and signal overlap. Nonetheless,
valuable insights into the structure and composition of
bacterial and fungal biofilms were obtained.'*"! Multi-
dimensional (nD) ssNMR, particularly 2D ssNMR, over-
comes these limitations associated with 1D ssNMR spectro-
scopy, enabling the differentiation of signals originating
from distinct components within complex biological mix-
tures. Specifically, 2D “C-"C ssNMR requires either isotope
labelling or sensitivity-enhancement through techniques like
DNP. While a few studies have applied 2D ssNMR to plant
and fungal cell walls with or without DNP,' examples in
bacterial systems remain limited. To date, nD ssNMR has
been applied to isotope-labeled or natural abundance whole
bacteria and extracted pure cell walls."”’ High-resolution
proton or carbon detected ssNMR techniques have also
been employed in investigations of bacterial and plant cell
walls.'™®<18] Recently, we and others demonstrated 2D
'"H-"C ssNMR using proton or carbon detection in non-
tuberculous mycobacteria (NTM) and Pseudomonas
fluorescens.'’®1 Furthermore, DNP ssNMR has been
applied to characterize whole-cell and extracted cell walls
from bacteria and yeast.['%%-172.1820]

In previous studies, we employed conventional room-
temperature 1D and 2D ssNMR spectroscopy to analyze
colony biofilms of P. fluorescens Pf0-1 and planktonic
nontuberculous  mycobacteria (NTM) at  natural
abundance.'” Building on this foundation, here in this
study we present the use of ultrasensitive 1D and 2D DNP
ssNMR to characterize native colony biofilms of P. fluo-
rescens Pf0-1. This biofilm model system is advantageous
due to its diverse ECM components and non-pathogenic
nature, enabling safe laboratory experimentation. Our
findings demonstrate the potential of DNP ssNMR to
rapidly acquire high-sensitivity 1D ssNMR spectra within
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seconds or minutes and 2D ssNMR spectra within hours,
from native, natural abundance bacterial biofilm. By
combining C detection with 2D spectroscopy, we achieved
enhanced spectral resolution, enabling quantification of
biofilm components, and discovery of new structural in-
sights. Operating at low temperature (~100 K), DNP ssNMR
simultaneous captures both rigid and mobile “C signals,
facilitating comprehensive quantitative signal detection. To
the best of our knowledge, this study is the first demon-
stration of sensitivity-enhanced DNP ssNMR for intact
native bacterial biofilm characterization. The experimental
pipeline outlined here pushes the boundaries of NMR-based
biofilm research and offers adaptability to various biofilm
preparations and model systems. This advancement paves
the way for structural studies of biofilms with unprecedented
sensitivity and detail.

Results and Discussion

Structural Characterization of Native Bacterial Biofilm with
Hyperpolarized DNP ssNMR

Biofilm samples for ssNMR analysis were prepared using
two different methods, as illustrated in Figure 1. First, the
native wet P. fluorescens colony biofilm was analyzed
without any treatment, referred to as the ‘wet biofilm’. This
sample serves as a reference, preserving the natural water
content of the biofilm. Second, the biofilm was gently dried
at 50°C, referred to as the ‘dry biofilm’. Drying effectively
removed excess hydration, significantly increasing sample
packing efficiency and improving sensitivity by approxi-
mately tenfold. The CP-based spectra of the wet and dry
biofilm samples, shown in Figures 2A,B, revealed minimal
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Figure 1. Experimental protocol for the hyperpolarized DNP NMR
based structural characterization of native bacterial biofilms. The
cartoon representation of essential structural components of biofilm
such as polysaccharides, fibrillar functional amyloid proteins, eDNA
and lipids. From the native biofilm sample preparation towards the
final ssNMR spectrum. Experimental conditions require careful opti-
mization to maximize the sensitivity and reproducibility by including
MAS NMR and EPR characterization.
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Figure 2. The 1D ">C CP spectra were recorded with conventional
ssNMR at ~300K, 10 kHz and 750 MHz magnet, and the high-
sensitivity DNP-enhanced ssNMR at ~100K, 10 kHz and at 600 MHz
magnet on A) wet (native) and B) dry biofilm preparations. The signal
to noise ratio per root unit time (SNT, determined by (S/N)/
(minute®)) values in terms of min~"/ are given for a direct sensitivity
comparison along with the total experiment times. For the DNP
ssNMR spectra the pw on and off spectra are shown. The maximum
DNP enhancements for the wet and dry biofilm samples are &: ~75 and
~33, respectively. C) The DNP buildup times (tg) and the ssSNMR
relaxation times (T,) are recorded by saturation-recovery method. The
normalization was done at 52.8 s to 1.0 for each data set separately. D)
Site-specific DNP € for wet and dry biofilm samples. 190-165 ppm
indicates CO signals, 165-125 ppm aromatic and nucleic acids, 120-
90 ppm polysaccharides, 80-50 ppm polysaccharides and Ca, 50—

10 ppm Ca and aliphatics, and ~35 ppm lipids. Error bars represent a
constant 5% error. E) The EPR spectrum of the freshly prepared dry
biofilm sample containing 10 mM AsymPol-POK radical recorded at
room temperature right before performing the DNP experiment. The
3C peaks at ~119.7 ppm for room-temperature spectra and

~111.4 ppm for DNP spectra are spinning sidebands and marked with
asterisks. F) The negative-staining EM micrographs of the wet and dry
biofilm samples. The scale bar is 200 nm and 1/2 pm.

differences, consistent with previous findings using conven-
tional ssNMR methods."" Small intensity changes between
the wet and dry samples are likely due to variations in
sample dynamics and CP efficiency. These observations
suggest that the drying process did not alter the biofilm’s
chemical composition.

Both wet and dry biofilm samples were incubated with a
radical for DNP hyperpolarization and measured at ~100K
under pw irradiation, Figure 1. The AsymPol-POK radical,
dissolved in a DMSO/water (10:90 % v:v) DNP buffer, was
employed as the polarization agent. This radical has
demonstrated high efficiency at higher magnetic fields and
exhibited short polarization buildup times at 10 mM concen-
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tration. The results of ssNMR and EPR characterizations
are presented in Figure 2A-E. Additionally, the EM micro-
graphs of the wet and dry biofilm samples were recorded
prior to the radical incubation. The micrographs confirm the
presence of intact bacteria surrounded by ECM, Figure 2F.
The majority of the biofilm’s mass is composed of ECM,
with bacterial signals contributing only a small fraction.

DNP hyperpolarization resulted in a significant signal
enhancement of &:~75 for the wet biofilm preparation in the
BC CP DNP ssNMR spectra, Figure 2A. This represents one
of the highest DNP enhancements observed among various
native biological sample preparations on a 600 MHz DNP
system. In comparison, previous studies have reported DNP
enhancements of &~45-60 for whole cell preparations at
600 MHz, £:~25 for drugs inside intact cells at 400 MHz, e:
~30 for cell wall of whole or disrupted bacteria at 400 MHz,
and &:~30 for fungi and plant samples. Notably, the glycerol
and/or polysaccharide fraction of Aspergillus fumigatus
fungus exhibited a larger enhancement of &~90 at
600 MHZ.[].’Si,ZOa.ZZ]

For the dried biofilm preparation, protocol with impreg-
nation resulted in a smaller enhancement of &~33 with a
longer DNP buildup time, Figure 2B-D. These differences
are attributed to a non-uniform and suboptimal biradical
distribution and potentially increased microwave absorption
by the sample. Furthermore, a decay in DNP enhancement
was observed during prolonged incubation at room temper-
ature (data not shown), suggesting deactivation or degrada-
tion of the radical within the native biofilm’s reducing ECM
environment. This was corroborated by EPR spectra, which
revealed deactivated AsymPol-POK after extended incuba-
tion times, Figure S1. A similar phenomenon has been
reported in previous ex vivo DNP studies on mammalian
cells.” To mitigate this issue, all data presented in this study
were acquired from freshly prepared biofilm samples and
measured immediately.

The significant signal enhancements achieved confirm
the immense potential of DNP ssNMR for characterizing
native biofilms. The acquisition of 1D *C ssNMR spectra is
completed within seconds to minutes using DNP ssNMR,
offering sensitivity levels comparable to those that would
typically require hours to days with conventional ssNMR,
Figure 2A,B. The observed signal enhancement of €:~33 and
~75 correspond to approximately 1000-fold (33%) or 5625-
fold (75%) reduction in experimental time, respectively.
Notably, the higher packing efficiency of the dry biofilm
sample results in increased sensitivity despite a lower DNP
enhancement. For the wet biofilm sample, a SNT: 220 min™"
% is achieved with 1D *C CP DNP ssNMR, representing a
~100-fold improvement over conventional room temper-
ature spectra, Figure 2A. Similarly, for the dry biofilm
sample, a SNT: 242 min ~'? is achieved, representing ~12-
fold improvement over conventional CP ssNMR spectra,
albeit with a lower enhancement, Figure 2B.

Bulk proton DNP buildup times (t5) were measured
under pw irradiation at 100K for both biofilm preparations
and compared to bulk proton T, relaxation times recorded
at ~300K, Figure 2C. The 1t values are only slightly longer
than the room temperature T, values due to the favorable
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rapid polarization buildup properties of the AsymPol-POK
radical.? The electron paramagnetic resonance (EPR)
spectrum of AsymPol-POK in freshly prepared native wet
biofilm sample is presented in Figure 2E. These relatively
short 1y times significantly improve overall SNT, particularly
when contrasted with longer buildup times observed when
using different radicals, such as AMUPOL.” The dry
biofilm sample exhibited longer /T, ratios compared to the
wet sample. Interestingly, the proton 7tz values were
consistent across different chemical sites (Figure S2), indi-
cating a uniform distribution of the radical within the
biofilm, which facilitates quantitative characterization, Fig-
ure 2D. Uniform DNP enhancements of €:70-75 for the wet
sample and €:29-33 for the dry sample were observed across
various chemical sites, Figure S3."! This contrasts with
previous DNP ssNMR studies of complex environments
which reported site-specific ¢ values.!*-2%2

To extend the chemical information, we recorded a high-
sensitivity "N CP DNP ssNMR spectrum of the native wet
biofilm sample, Figure3, in ~35min, achieving a
SNT:11 min~"2. For comparison, the conventional "N CP
spectrum recorded at room temperature from a fully packed
biofilm sample is shown in Figure S4. This spectrum
recorded in 273 min to achieve a SNT:~0.24 min™"?, high-
lighting a ~50-fold sensitivity increase with DNP ssNMR.
Tentative resonance assignments in the 1D *C/ "N DNP
ssNMR spectrum are shown in Figure 3B."!

The “C FWHM linewidths of ~185 Hz (~1 ppm) and
~490 Hz (~2.6 ppm) were observed at room temperature
experiments for wet Pseudomonas biofilm sample, based on
INEPT and CP ssNMR, respectively, using a 750 MHz
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Figure 3. Quantification of different chemical sites in the A) "*C and B)
N CP DNP ssNMR spectra of natural abundance native wet bacterial
biofilm. The long (1.2 ms for '>C and 0.4 ms for °N) CP was used to
ensure quantitative analysis. The individual peaks are determined by
peak deconvolution utilizing ssNake program.?! The list of these peaks
along with their linewidths are given in Table 1. Different tentative
group assignments are color coded and labelled. The "*C peaks at
~111.4 and ~197 ppm are spinning sidebands and marked with
asterisks in A. See Figure S1 for 1D ">C DNP ssNMR at different MAS.
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ssNMR system.!'”) The room-temperature 1D *C CP ssNMR
spectra for both wet and dry biofilm samples are shown in
Figure 2A,B. Remarkably, lowering the experimental tem-
perature from 300K to 100K produced *C CP spectra with
similar overall resolution. Spectrum deconvolution indicates
~30% resonance broadening at DNP ssNMR spectra at
~100K, with average linewidths of ~640 Hz (~4.3 ppm) and
~380Hz (~6.3ppm) for C and N spectra recorded,
respectively, Figure 3 and Table 1.

High-Throughput Biofilm Compositional Analysis

The peak deconvolution of the 1D DNP ssNMR spectra
identified 38 and 19 resonances for tentative assignments
from the C and "N CP spectra, respectively, Figure 3. This
is slightly fewer than the 59 peaks observed at the room
temperature spectra due to broadening of the resonances at
~100K. While tedious and time consuming, peak deconvolu-
tion provides a critical foundation for resonance and
chemical shift identification. Correlated with the 2D 'H-"C
and 'H-N DNP ssNMR spectra shown in Figure 5, these
peaks align with the presence of proteins, polysaccharides
and other species as previously observed, Figure 3C.*!
Following our recent room temperature biofilm study,!'” *C
signals were assigned to: aliphatic carbons (proteins, carbo-
hydrates, and lipids) at ~10-50 ppm, glycine Ca at ~45 ppm,
peptide/protein Co/Cp at ~50-70 ppm, polysaccharides at
~65-110 ppm, aromatic signals ( proteins/nucleic acids) at
~110-165 ppm, and CO (carbonyl/carboxyl) at ~165-
190 ppm, Figures 2,3.

Table 1: List of signals determined by deconvolution of the >C and °N
CP DNP NMR spectra of native wet bacterial biofilm shown in
Figure 2A,B. Chemical shifts, relative integral ratios normalized to the
maximum integral (bold number as 1.00) within the C or N peak
lists. The linewidths and the tentative resonance assignments are given
for N resonances. The average full-width at half maximum, FWHM,
for ®C and "N signals are ~640Hz (~4.3 ppm) and ~380 Hz
(~6.3 ppm), respectively, with the processing parameters given in the
methods section. The spectra were recorded on a 600 MHz NMR
spectrometer. The asterisk indicates signals due to spinning sideband.

Bcep 15N CP
ppm rel. % FWHM [Hz] ppm % FWHM [Hz]| ppm rel. % FWHM [Hz]
154 0.12 571 93.8 0.18 650 18.5 __0.01 245
18.0 0.15 370 102.1 0.09 984 26.7 0.03 389
20.1 0.09 371 105.5 0.08 766 315 0.11 347
242 045 807 108.0 0.04 580 36.4 0.03 319
28.0 0.56 499 111.4* 0.11 790 41.0 0.02 266
324 0.84 722 119.0 0.08 883 69.5 0.03 336
36.0 069 418 128.4 0.05 669 740 0.4 557
405 1.00 754 1313 0.20 664 82.6 0.04 341
450 030 814 137.4 0,08 671 85.7 001 226
522 023 636 1404 0.03 702 98.8 0.01 267

559 042 585 1519 0.02 599 1075 0.11 557
586 0.21 411 154.7 0.02 456 119.6 1.00 745
60.9 0.13 363 157.7 0.11 546 129.7 0.10 476
64.6 0.65 888 160.4 0.01 411 145.5 0.02 253
68.4 0.10 460 168.0* 0.02 435 1493 0.01 169
723 043 704 1729 0.19 690 1548 0.01 618
76.2 0.42 749 1752 0.57 810 159.3 0.02 417
822 0.12 512 1775 0.28 720 1733 0.01 322
86.6 0.07 700 181.5* 0.19 938 176.2 0.01 320
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To further quantify biofilm components, deconvolution
analysis of the CO “C signal (165-190 ppm) was performed
for the dry and wet biofilm samples using conventional and
DNP ssNMR spectra, Figure 4. Three distinct chemical sites
were identified: 172.9, 175.2 and 177.5 ppm, consistent with
previously assignments for bacterial cell-walls.['7¢252*21 Peaks
at 168.0 and 181.5 ppm are due to spinning sidebands.

The 172.9 ppm signal was assigned to protein “carbonyl
site #1” and polysaccharides “ester sites” from the cell-wall/
biofilm. Although 172.9 ppm resonance was previously
associated with teichoic acid esters, Gram-negative P.
fluorescens lacks teichoic and lipoteichoic acid. The
175.2 ppm signal was attributed to protein “carbonyl site
#2”, primarily from the biofilm and peptidoglycan peptides.
The 177.5 ppm signal was assigned to “carboxyl signals”
from uncross-linked ends of the cell wall peptidoglycans.

The 2D 'H-"C DNP ssNMR spectrum of the wet sample
supports these resonance assignments, Figure 4E,5 showing
proton correlations with CO signals deconvoluted in Fig-
ure 4A-D. Observed proton chemical shifts include amides
at ~810 ppm, aromatics at ~6-7 ppm, nucleic acids at
~5 ppm, alpha at ~4.5 ppm, carbohydrate ring at ~4 ppm,
and aliphatic at ~1-3 ppm. The 2D 'H-"C DNP ssNMR
spectrum recorded with short CP (100 us) primarily mon-
itors directly bonded proton-carbon pairs.
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Figure 4. Quantification of the CO regions of the "*C CP spectra
recorded with A,B) conventional ssNMR at ~300K and C,D) DNP
ssNMR at ~100K. The CO signals for the "*C spectrum recorded for the
A,C) wet and B,D) dry biofilm sample. E) The zoomed CO region of the
2D 'H-">C DNP ssNMR spectrum of the wet biofilm sample recorded
with 100 ps CP contact time. F) The quantification of the three CO
signals observed in the deconvolution analysis for wet/dry biofilm
samples with constant 5% error bars. In A-D, the sum of the
deconvoluted signals, the fitted spectrum, are shown as the spectrum
with red dashed lines. Dashed black lines are placed at the
corresponding chemical shifts of these five resonances. For direct
comparison of the wet and dry spectra, the spectra from B and D are
shown in A and C as light blue spectra. As a note, the color coding of
the deconvoluted peaks and the bars in the graph are not correlated.
The peaks at 168 and 181.5 ppm are due to sidebands.
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The 172.9 and 175.2 ppm peaks correlate with the amide
at ~8 and alpha protons at ~4.5 ppm, as well as aliphatic
protons. In contrast, the 177.5 ppm peak shows weaker
amide proton cross peak but correlates with the carbohy-
drate (~4 ppm) aliphatic, and aromatic (~6 ppm) protons at
lower contour levels (data not shown). In summary, the
172.9 and 175.2 ppm signals originate from protein and/or
polysaccharide species, while the 177.5 ppm peak predom-
inantly reflects cell wall peptidoglycans. Relative abundan-
ces shown in Figures 3D and 4F describe the native biofilm
compositions.

The effect of drying the biofilm on the conventional and
DNP ssNMR spectra were quantified by comparing the
spectra in Figure 4A with 4B and Figure 4C with 4D. Drying
the biofilm increases the 172.9 ppm peak relative to the
others, rising from ~45% to ~78% in the conventional
spectra and 18% to 28% in the DNP spectra. This change
corresponds to a reduction in the 175.2 and 177.5 ppm peaks
to approximately half of their original intensity. We
speculate that this is due to changes in molecular dynamics
(and thus CP efficiency), potentially indicating that the
polysaccharides and proteins (predominantly polysacchar-
ide) in the wet biofilm are more flexible. Drying likely
makes these components more rigid, thereby enhancing
their CP signals. The CO region of the DNP ssNMR spectra
for dry and wet samples showed similar trends, with the dry
samples displaying a decreased 172.9 ppm resonance com-
pared to room temperature ssNMR spectra.

The "N CP DNP ssNMR spectrum of the native wet
biofilm was analyzed for structural insights, Figure 3B. The
amide backbone nitrogen signals, ~120 ppm, are the most
abundant signal originating from proteins, polysaccharides
or peptidoglycan nitrogen sites within the biofilm. These
amide resonances accounted for 71% of the total nitrogen
signal integrated area and were deconvoluted into three
major resonances centered at ~107.5, ~119.6 and
~129.7 ppm, Figure 3B and Table 1. The signals at 107.5 and
129.7 ppm present ~8% and 9% of the amide nitrogens,
respectively, while the dominant amide peak 119.6 ppm
constitutes ~82% of the total. These three resonances were
also observed in the 2D 'H-"N DNP ssNMR spectrum, see
dashed lines in Figure 5C. The resonance at 129.7 ppm,
compared to the major peak at 119.6 ppm, suggests amides

A) 2D H-13C B) 2D 'H-1*C. €) 2D 'H-®N

amides
histidine & § )
Pcleic acids sidechains  amines

.‘l

) (fj

150 100 50 “Clppm w0 50 Clepm) T s Cippm)

100 s CP 100 s 71500 s CP.

polysacchardes m?/) % j ‘ am
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W 8 & 4 2 'Wippm]
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Figure 5. DNP-enhanced A,B) 2D 'H-"C and C) 2D 'H-"N FSLG
HETCOR ssNMR spectra of natural abundance native wet bacterial
biofilm. 100/1500 ps CP contact times were utilized. In B, the 2D
spectrum with 100 ps contact time from A is shown in red, and the
spectrum with 1500 ps is shown in black. The total experimental times
are 18, 36 and 90 minutes for A, B and C, respectively.
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in a distinct chemical environment, likely reflecting differ-
ences between biofilm and bacterial cell wall species.

A) DNP-enhanced 2D °C-1*C $Q-DQ

Angewandte

intemationaldition’y) Chemie

B) Integrals at °C DQ dimension
250-40 ppme
um

\

JOTAVSIOERY) T.\%. A W

Previous ssNMR studies of bacterial cell-wall and cell- e g:*,"',"; —— N, o
wall-extract indicated two N amide resonances: a less ~— . wjrjgwa G‘f 1 caf«'j
abundant peptidoglycan glycine at 107.5 ppm and a more S RSN T atphats
abundant non-glycine amide from proteins at ~120 ppm.P” ) e , ’3 TNy -
In S. aureus, this glycine amide at 107.5 ppm accounted for o e e e
~17-28% of all amides.”" In contrast, our study of the P. L .",D‘,’@ . ’m ] e R -
fluorescens biofilm sample shows a much lower abundance "csalper Ll

of ~8% for this signal. This reduced relative abundance of
the cell-wall/peptidoglycan glycine resonance is consistent
with the biofilm’s extensive extracellular matrix surrounding
the bacterial cells.

In addition to amide resonances, amine signals at 26.7—
41 ppm and protein sidechain signals at 69.5-85.7 ppm were
also observed, comprising 11% and 13% of the total
nitrogen signals, respectively. Furthermore, resonances
between 145-176 ppm (predominantly at ~145.5, ~159.3 and
~176.2 with minor peaks listed in Table 1) indicate histidine
and/or nucleic acid nitrogen signals,* representing ~3 % of
the total nitrogen signal. However, no proton correlations
were observed for these cross-peaks in the 2D 'H-"N DNP
ssSNMR spectrum, likely due to their lower abundance and
SNT.

DNP Facilitates Resonance Assignment by 2D ssNMR
Correlation Spectra

The 2D ssNMR spectrum increases spectral resolution,
facilitates resonance identification, and is crucial for quanti-
tative analysis in regions with significant spectral overlap.
The DNP sensitivity enhancement (e:~75) enabled the
acquisition of 2D DNP ssNMR spectra at natural abun-
dance. Using CP-based methods, we recorded 2D 'H-"C
spectra in 18/36 minutes (Figure 5A,B), a 2D 'H-"N spec-
trum in 90 minutes (Figure 5C), and a 2D "“*C-"*C spectrum
in ~17 hours (Figure 6). In contrast, the conventional room
temperature 2D *C-"C ssNMR spectrum did not produce
any cross peaks even after ~40 hours (Figure S6). A low-
efficiency 2D "C-"C single-quantum-double-quantum (SQ-
DQ) experiment using ~50 mg of dry, unlabeled biofilm
sample was successfully recorded within a day. However,
obtaining this spectrum from a wet biofilm was not feasible
due to significantly lower efficient rotor packing efficiency
and reduced sensitivity.

2D DNP ssNMR spectra, with the additional proton
chemical shift dimension, provide detailed insights into
tentative resonance assignments, Figure 5. Different proton
chemical sites, marked with dashed lines, correspond to
components within the biofilm, including protons from
amides, aromatics, nucleic acids, sugar rings, and aliphatics.
These signals highlights interactions among biofilm compo-
nents such as polysaccharides, lipids, and the cell wall. A
comparison of the short and long CP contact time 2D 'H-"C
spectra reveals spatial proximities between biofilm compo-
nents, Figure SA,B. For example, the aromatic signals at
~130 ppm "C chemical shift correlate with a proton signal at
~6.5 ppm at short CP contact time of 100 us, Figure SA. At
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Figure 6. A) DNP-enhanced 2D "C-"*C refocused dipolar INADEQUATE
SQ-DQ ssNMR spectrum of natural abundance native wet bacterial
biofilm. 100-1500 ps CP contact times were utilized. B) 1D slices
extracted between specific DQ chemical shift intervals, corresponding
to the CO-Cx, polysaccharide and aliphatic (from protein, lipid, nucleic
acid, and so on) chemical shift values. These 1D spectra highlights the
potential of 2D ssNMR and results in the non-overlapped signals in
1000 min (~17h) (3.3 sx288 scansx64 t, increment). The zoom out
regions for the C) aliphatic and D) polysaccharide areas shown in A.

longer CP contact time of 1500 ps, Figure 5B, this peak
shows an additional correlation to a protein aliphatic proton
but not to a polysaccharide proton, suggesting that the
aromatic sites are not in close proximity to biofilm
polysaccharides. Furthermore, the absence of amide proton
correlation with any anomeric polysaccharide peak supports
spatial segregation between these components.

Evidence for nucleic acid signals is present in both 1D
BC and 2D 'H-“C DNP ssNMR spectra. In the 1D "C
spectrum, the resonance at ~93.8 ppm is attributed to a
nucleic acid carbon, correlating with a proton chemical shift
at ~5 ppm in the 2D 'H-"C spectra recorded at both short
and long CP contact times. This 5 ppm proton resonance
does not correlate with any polysaccharide, aromatic or
protein Ca chemical shift, supporting its tentative assign-
ment to nucleic acids. Additionally, “N signals above
140 ppm and a “C chemical shift at 157.7 ppm which
correlates with proton peaks at 5 and 6.7 ppm in the 2D
spectrum recorded at longer CP contact times, further
confirm the presence of nucleic acids in the biofilm.

Finally, the 2D "C-®C SQ-DQ spectrum, Figure 6A,
resolves resonances from the overlapped regions of the 1D
BC spectrum, Figure 3A. Three distinct chemical shift
regions are identified, Figure 6A,B: protein (aliphatic and
Ca)/lipid/nucleic-acid, polysaccharide and CO. These re-
gions enable the quantitative determination of biofilm
components. The aliphatic and carbohydrate regions are
further expanded in Figure 6C,D. Tentative resonance
assignments were made using the CCMRD carbohydrate
and BMRB protein databases.!'**!
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Conclusion

We employed high-sensitivity DNP-enhanced ssNMR to
characterize the chemical structure and composition of
native P. fluorescens colony biofilms. For the first time, we
demonstrated 2D DNP ssNMR spectra of a complex native
bacterial biofilm, enabling the rapid detection of signals
from structural components such as polysaccharides, pro-
teins, and other biofilm constituents. Our results highlight
the potential of DNP ssNMR as a quantitative tool to
simultaneously observe signals from rigid and mobile
fractions. This includes recording a low-efficiency 2D “C-"C
spectrum on natural-abundance biofilm via DNP hyper-
polarization, analyzing intact native biofilms without chem-
ical extraction or isotope-labelling, characterizing biofilms at
natural water content. Furthermore, sensitivity was further
increased using dry biofilm samples, allowing for the
identification and quantification of biofilm components.

1D DNP ssNMR enabled over a 1000-fold faster
detection of “C/"N signals. Homogeneous radical distribu-
tion within the biofilm sample facilitated quantitative
determination of resonances and the relative abundance of
biofilm components. Using "N DNP ssNMR combined with
2D results, we quantified the extracellular matrix (ECM)
relative to bacterial cell-wall components within the biofilm.
Additionally, “C/®N signals specific to extracellular DNA
(eDNA) was observed. Higher-dimensionality (nD) spectra,
including 'H/"*C second chemical-shift dimensions, improved
resolution and facilitated signal identification. Cross-peak
patterns in the 2D DNP ssNMR spectra also revealed the
spatial segregation of ECM components within the biofilm.

These findings not only demonstrate the technical
feasibility of DNP ssNMR for ultrafast analyzing diverse
biofilm components, but also establishes a foundation for
future biofilm studies. However, we acknowledge that
quantifying biofilm components via DNP ssNMR may
present challenges, requiring further refinement of sample
preparation protocols tailored to specific systems. The use
of isotope labeling may provide an alternative strategy for
2D/3D DNP ssNMR experiments, although it is not
applicable to patient-derived samples. By introducing high-
sensitivity and high-throughput structural characterization,
our results aim to advance biofilm structural analysis and
contribute to a deeper understanding of these complex
biological systems.

Supporting Information

Experimental details and Figures SI1-6 are given. Support-
ing Information contains references #32-37.
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Bacterial biofilms cause persistent infec-
tions and contribute to antimicrobial
resistance. We utilized for the first time
hyperpolarized DNP solid-state NMR to
structurally characterize native bacterial
biofilm. We collected 1D/2D spectra
within seconds/minutes and detected
polysaccharide, protein and other sig-
nals. These structural information will
boost structure-guided approaches for
combating biofilm-forming microbes.
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