
Analytica Chimica Acta 1269 (2023) 341374

Available online 22 May 2023
0003-2670/© 2023 Elsevier B.V. All rights reserved.

Native triboelectric nanogenerator ion mobility-mass spectrometry of egg 
proteins relevant to objects of cultural heritage at picoliter and 
nanomolar quantities 

Daniel D. Vallejo a, Aleksandra Popowich b, Julie Arslanoglu b, Caroline Tokarski c, Facundo 
M. Fernández a,* 

a School of Chemistry and Biochemistry, Georgia Institute of Technology, Atlanta, GA, USA 
b Department of Scientific Research, The Metropolitan Museum of Art, New York, NY, USA 
c Institute of Chemistry & Biology of Membranes & Nano-Objects, UMR CNRS 5248, University of Bordeaux, Bordeaux, France   
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• Development of a triboelectric nano
generator (TENG) electrospray ioniza
tion source for native mass 
spectrometry. 

• TENG hyphenated to ion mobility-mass 
spectrometry (IM-MS) produced native 
protein measurements. 

• First native measurements of several 
egg-based proteins relevant to cultural 
heritage. 

• TENG enables ultra-precious material 
analysis through picoliter and nano
molar consumption rates.  
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1. Introduction 

Materials in objects of cultural heritage (CH), such as paintings, span 
several molecular classes ranging from small molecules (mineral 

pigments and organic dyes) to polymers (proteins, polysaccharides, 
lipids, synthetics) used as binders, coatings, and adhesives. Character
izing these materials is essential to not only better understand and 
interpret the artist or maker, but to provide information that may serve 
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to further identify manufacturing and artists’ techniques, clarify attri
butions, establish sourcing materials, and better preserve the work for 
future generations. Studying paint binding media and adhesives often 
involves studying proteins, which have been an important molecular 
class in objects of CH since the inception of art. These proteins, having 
numerous sources (e.g. egg, milk, blood, bone, skin, etc.) [1], have 
substantial effects on the appearance and stability of paints on canvas 
and paper paintings, and polychrome sculpture [2]. Despite recent ad
vances in the understanding of proteins found in CH objects [3] their 
higher order structure (HOS), and the changes to the protein structure 
throughout its lifetime as an art material (i.e. from the egg, to mixing 
with pigments to create a paint, to drying to obtain a cohesive paint film, 
to paint making, drying in the paint, etc.), remains significantly 
understudied. HOS is directly correlated to the stability and function of 
proteins in objects and plays a pivotal role in the object’s integrity and 
preservation, but a critical hurdle to analysis is the ultra-precious nature 
of the objects, as well as the low abundance of proteins relative to the 
total sample. 

The technologies used to elucidate the structure of materials in these 
objects are categorized as either invasive or non-invasive. Non-invasive 
techniques such as portable Fourier transform infrared (FTIR) [4] and 
Raman spectroscopy [5] are highly attractive because of their ability to 
extract molecular information without consuming the object’s precious 
materials. FTIR and Raman are well validated and remain 
gold-standards for pigment identification, and may be used to determine 
the localized presence/absence of proteinaceous materials on an objects’ 
surface. However, the interrogation of protein structures through these 
techniques remains limited due to the competing signals from other 
materials in the sample, as well as differential effects that degradation of 
structure, pigment-interactions, and intrinsic protein fluorophores have 
on generating reproducible spectroscopic features and often cannot 
discriminate or identify proteins [6–8]. 

When identification of the specific protein must be known, micro- 
invasive but structurally-sensitive techniques such as mass spectrom
etry (MS) are employed [3,9]. Most current MS workflows for the 
analysis of proteins use bottom-up methods [10] where the protein is 
enzymatically digested and the peptide sequences analyzed, and likely 
require front-end separation methods such as chromatography to sepa
rate the digested components [11]. While these traditional proteomic 
techniques are becoming more commonplace in CH as a way to perform 
protein type, species, or tissue identification, they can be challenging to 
apply because of their high sample requirements relative to the amount 
of material that can (or should) be removed from an artwork [3,11]. As 
such, there is a continued need to develop new MS tools that minimize 
the consumption of precious samples while providing robust separation 
from the underlying matrices found in CH objects to provide protein 
structural information. Along these lines, an ongoing trend in heritage 
science is to leverage advances in state-of-the-art structural biology 
technologies, such as foot printing MS techniques (e.g. 
Hydrogen-deuterium exchange (HDX), chemical cross-linking (CXL), 
etc.) [12], top-down proteomics, and native mass spectrometry (nMS) to 
achieve more in-depth protein characterization and elucidate the 
structural ‘evolution” of the protein throughout its lifetime as an art 
material. 

In particular, nMS has become an increasingly valuable tool for 
structural biology. It has earned this distinction because, unlike bottom- 
up or top-down proteomic strategies, it can preserve non-covalent in
teractions of proteins and their complexes. Retaining three-dimensional 
(tertiary) protein structures and (quaternary) protein-complex struc
tures has enabled characterizing protein ensembles, assemblies, ligand- 
protein, and protein-protein interaction networks, together with 
changes in protein stability within such networks. Understandably, 
many current nMS applications focus on structural biology and disease- 
related research and, as a result, have greatly benefited from the 
abundance of readily obtainable protein standards or protein systems 
that can be recombinantly expressed and purified at yields suitable for 

routine nMS analysis. However, the amount of sample that can be ob
tained for MS experiments from a CH object (ideally <10 μg with <10% 
w/w being protein content) often falls far below the concentration of 
typical chemical standards (~10–20 μM) routinely used for robust nMS 
experiments. Applying these state-of-the-art technologies to CH could 
establish the “starting line” for the proteins HOS and address questions 
regarding the extent to which a protein’s structure changes, or degrades, 
in objects of cultural heritage. 

Triboelectric nanogenerator (TENG)-based electrospray ionization 
(ESI) MS has recently demonstrated excellent analytical figures of merit. 
This includes higher sensitivity due to higher electrical fields, repro
ducibility across a wide range of molecular classes [13,14], and the 
ability for synchronous data acquisition with time dispersive in
struments for sample-limited analytes [15]. TENG MS has also been used 
to generate protein ions from model systems [16], but questions remain 
regarding whether the protein structures measured are still in their 
native conformation or if gas-phase structural changes could occur 
during ion generation. 

Here, a large area sliding freestanding inductive TENG (SF-TENGi) 
ion source hyphenated to an ion mobility (IM)-MS platform was devel
oped for native protein analysis relevant to the CH research field. IM is a 
technique that separates the gas-phase structures of molecules based on 
their orientationally-averaged collision cross-section (CCS) values, use
ful for separating biomolecules from underlying matrices, and has 
emerged as one of the premier analytical technologies for characterizing 
the HOS structure, stoichiometry, and biophysical stability of biological 
macromolecules [17,18]. We demonstrate that TENG IM-MS is capable 
of generating native protein ions for three protein standards, falling 
within 3% of their corresponding CCS database values [19]. We also 
show similar nMS results for eight standard proteins across a molecular 
weight range of 5–800 kDa (kDa). Theoretical CCS values were empir
ically calculated for three egg proteins that have use in CH. Experi
mental results, with notable exception for lysozyme, were within 3% of 
their respective theoretical CCS value. Lastly, we demonstrate the 
analytical capabilities of TENG IM-MS by measuring native ovalbumin 
at picoliter and nanomolar concentration using both standard and sub
micron nESI emitters, which is a significant step forward not only in 
terms of the quantities of sample needed for standard nMS experiments, 
but also in making nMS available to the study of cultural heritage 
objects. 

2. Experimental section 

2.1. Sample preparation 

Protein samples were purchased from Sigma-Aldrich (St. Louis, MO) 
in lyophilized form. Human Insulin (INS), cytochrome C (CytC), 
β-lactoglobulin (β-lac), Bovine Serum Albumin (BSA), Concanavalin A 
(ConA), Alcohol Dehydrogenase (ADH), Glutamate Dehydrogenase 
(GDH), and GroEL were used as protein standards for CCS calibration 
purposes. GroEL was additionally prepared following a previously 
published protocol [20]. Human Serum Albumin (HSA) was used as a 
positive control, Albumin from chicken egg (Ovalbumin/OVA), Con
albumin (Ovotransferrin/OVT), and Lysozyme (LYS) from chicken egg 
white were used as experimental proteins. 

Proteins samples were kept on ice and buffer exchanged into 200 mM 
ammonium acetate buffer at pH 7 using Micro Bio-spin columns with 
either a 6 or 30 kDa cutoff based on protein molecular weight (Bio-Rad, 
Hercules, CA). Buffer exchanged samples were then diluted to a working 
concentration of 10 μM before analysis. A concentration gradient of OVA 
was made through serial dilution of the 10 μM stock sample to the 
following concentrations: 7.5 μM, 5 μM, 2.5 μM, 1 μM, 750 nM, 500 nM, 
250 nM, and 100 nM. 
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2.2. Nano-electrospray ionization (nESI) conditions 

Emitters for nESI experiments were produced in-house from boro
silicate thin-wall glass capillaries with an outer diameter (OD) of 1 mm 
and inner diameter (ID) of 0.78 mm (Harvard Apparatus, Holliston, 
MA). Borosilicate capillary emitters were prepared with an ID of ~5 μm 
using a Sutter Instruments P-97 Flaming Brown Puller (Novato, CA). 
Additionally, ~1 μm and submicron needles were pulled using the same 
instrumentation, and sizes were confirmed using a scanning electron 
microscope (SEM). Parameters for the puller programs are provided in 
the Supplementary Information section (Table S2). Protein samples were 
loaded into the nESI emitter (2–8 μL), and the emitters were mounted on 
an x, y, z manual linear stage (Thorlabs, Newton, NJ) to control their 
position relative to the sampling cone. The emitter tip was held between 
7 and 10 mm away from the inlet orifice. Protein ions were generated in 
positive ion mode using either a direct current (DC) power supply or a 
TENG ion source as described below. A Stanford Research Systems 
(Sunnyvale, CA) High Voltage Power Supply (model PS350/ 
5000V–25W) was used as the DC power supply, operated at voltages of 
1.0–1.2 kV and a current of 3 μA. 

The TENG source ion used was a mechanically-actuated SF-TENGi 
configuration as described previously [15,16]. Briefly, the static elec
trode was fabricated with a copper (Cu) film deposited onto polytetra
fluoroethylene (PTFE) as two rectangular regions separated by an 
uncoated acrylic support of 135 and 121 cm2, and a movable sliding 
electrode fabricated with polyurethane mounted onto a foam square on 
an acrylic support of 127 cm2. Acrylic, copper, PTFE, and polyurethane 
were acquired from McMaster-Carr (Elmhurst, Illinois). A linear motor 
(LinMot USA, Inc.) was used to operate the movable sliding electrode at 
a frequency of 0.83 Hz, or one cycle every 1.2 s, and 15 ms rest time. The 
copper electrode used in previous TENGi configurations was replaced 
with an ESI conductive sleeve (Waters, Milford, MA). 

2.3. Ion mobility-mass spectrometry 

Protein samples were primarily analyzed on a q-traveling wave (TW) 
IM-ToF Synapt G2 HDMS (Waters, Milford, MA). The sampling cone was 
operated at 40 V. The backing pressure was set between 2.3 and 8.1 
mbar. The helium cell flow was operated at 200 mL/min and pressurized 
to 1.40 × 103 mbar. The trap traveling-wave ion guide was pressurized 
to 2.72 × 10−2 mbar of argon gas. The traveling-wave IM separator was 
operated at a pressure of ~3.8 mbar. IM separation was achieved with a 
traveling wave operated at 40 V wave height traveling at 600 m/s. The 
ToF-MS was operated over the m/z range of 1000−10,000 at a pressure 
of 1.22 × 10−6 mbar. Additional spectrometer settings are provided in 
the Supplemental Information (Table S3). 

2.4. Collision induced unfolding 

Protein ions were subjected to collisions in the traveling-wave ion 
trap prior to the IM separation to perform charge multiplexed collision 
induced unfolding (CIU). The collision voltage (CV) was ramped from 5 
to 200 V in 5 V increments to construct CIU fingerprints. The dwell time 
for each 5 V step was 12 s. The IM data was calibrated using the standard 
reference proteins and TWCCSN2 was calculated using the IMSCal soft
ware [21]. 

2.5. Data analysis 

Experimental CCS values for the standard proteins were compared to 
the standard protein CCS Database [19]. Experimental CCS values for 
HSA, OVA, OVT, and LYS were compared to theoretical CCS values 
empirically derived from the standard protein CCS database. Additional 
theoretical CCS values were empirically derived from correlation curves 
of charge (z) vs. CCS or molecular weight (kDa) vs. CCS from the 
experimental CCS values of the standard proteins. Percent differences 

were calculated between the CCS database values, and the average CCS 
experimental values computed from intra- and inter-day CCS measure
ments. Root-square deviation values were computed for the intra- and 
inter-day CCS measurements. 

Drift time and CCS data were extracted at each collision voltage in 
DriftScope (Waters, Milford, MA) using TWIMExtract [22]. These 
extracted drift time data were analyzed using a home-built software 
package, CIUSuite 2 [23]. The monomeric fingerprints were 2-D 
smoothed with a Savitzky-Golay function with a smoothing window 
size of 5 and 2 smooth iterations. The collision voltage axis was inter
polated with an axis scaling factor of 2. Standard feature detection was 
used with a minimum feature length of 3 (steps), an allowed width of 
2–2.5 (nm2 axis units), and a maximum CV gap length of 0. Ground state 
and activated arrival time distribution plots were generated by taking 
the average of three replicates at CV5 (ground state) or CV100 (acti
vated) and all intensities were normalized. 

3. Results and discussion 

3.1. Method validation for native TENG IM-MS 

Fig. 1A shows the updated design for TENG devices used for ESI and 
its application towards nMS. The primary modifications included 
changing the layered materials of the top electrode, as well as the 
conductive copper tape used to induce charging within the nESI emitter 
to a commercial carbon sleeve. These changes improved the general 
reproducibility of the TENG methodology when applied to proteins. 
Additional details on the nature of these changes as well as their ad
vantages are described in the Methods and Supporting Information 
sections. 

To evaluate the performance of this newly improved TENG design for 
nMS, we compared the mass spectral data generated to those generated 
with a standard DC power supply for three model proteins: BSA, ConA, 
and ADH. The total ion chronogram, mass spectrum, and drift time plot 
for ADH are shown in Fig. 1B–D. TENG produced nearly identical in
formation content compared to a DC power supply paired with the same 
nESI emitter (Fig. S1). However, as previously discussed in the intro
duction, charge states alone are not an entirely sufficient indicator for 
the retention of a proteins native structure since smaller structural al
terations (e.g. unfolding) can still be taking place within the same charge 
states. Using IM, we converted our arrival time distributions to CCS 
measurements for the accessible charge states for all three model pro
teins tested (Fig. 1E). We obtained the following experimentally aver
aged CCS measurements: 45.0 ± 0.83 nm2 for BSA, 59.8 ±0.29 nm2 for 
ConA, and 75.33 ± 0.35 nm2 for ADH with a DC power supply; and 45.2 
±0.77 nm2 for BSA, 59.6 ±0.27 nm2 for ConA, and 75.3 ± 0.29 nm2 for 
ADH with TENG. To rule out any systematic issues with CCS calibration 
between the two ionization approaches, we performed a cross calibra
tion test using DC calibrants for TENG data and vice versa; no systematic 
deviation was observed, and any shifts in calculated CCS values were 
within error of the normal calibration procedure. Lastly, we compared 
our experimental results for these three protein standards to a protein 
CCS database [19], finding the results within 2% of their corresponding 
native CCS values (Fig. 1F). 

These results demonstrated that nMS experiments can be conducted 
using TENG devices without any detectable changes in proteins higher 
order structures. 

3.2. TENG IM-MS of proteins relevant to cultural heritage 

The proteinaceous materials used for cultural heritage objects have 
numerous sources. This pilot study is based on three proteins sourced 
from eggs that would be used in art. Eggs have several significant uses in 
cultural heritage objects as: binders, glues, and varnishes [24,25]; and 
the proteins in the egg whites having a particular function as varnishes 
(glair) and binders. Other structural studies that have focused on egg 
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white proteins have demonstrated changes in protein-pigment in
teractions can be monitored and affect dried paint films, but focused 
primarily on LYS based systems [12]. The TENG IM-MS system was 
tested to study three egg-white proteins relevant to cultural heritage: 
LYS, OVA, and OVT (Fig. 2). LYS presented the most complex native 
mass spectrum, with multiple overlapping oligomeric states (Fig. 2A). 
However, incorporating a drift time dimension simplified the qualitative 
deconvolution of the monomer (14.4 kDa, 5–7+), dimer (9–11+), and 
trimer oligomeric states for LYS. OVA was mostly present as a monomer 
(43 kDa, 11–13+), with a dimer form in much lower abundance 
(16–18+, ~5–8%) (Fig. 2B). Lastly, OVT predominantly presented as a 
monomeric form (76 kDa, 16–19+), with a relatively lower abundance 

dimer (<2%) (Fig. 2C). Percentages were calculated by taking the ratio 
of the oligomeric state of interest’s ion intensity relative to the monomer 
ion intensity. These initial results indicated that TENG IM-MS holds 
potential towards the study of proteins relevant to CH objects and 
paintings. 

Following these experiments, we conducted extensive CCS calibra
tion to determine if native structures could be obtained for the egg 
proteins studied by TENG IM-MS. We expanded the dataset to now 
include eight standard proteins as described in the methods section 
(Fig. 3A). All these proteins have CCS database values available. Com
parison of experimental CCS measurements to those in the CCS database 
showed good agreement (<3.5%) for most of the protein standards 

Fig. 1. nESI was achieved by alternating between TENG and DC power supplies. (A) the sliding free standing TENG and DC power source were connected to the same 
needle with the same protein sample. TENG produced comparable (B) total ion currents, (C) mass spectrum and charge state distribution, (D) and IM-MS drift time 
plots for alcohol dehydrogenase. (E) Additionally, TENG produced comparable CCS calibrated measurements for three standard proteins. (F) These measurements 
were within ±2% of their corresponding CCS database values. 
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except for INS, which had a percent difference of more than ±7% 
(Table S1). However, there is no CCS value for nitrogen measurements in 
the CCS database, and the value we used to compare to was based on a 
helium-to-nitrogen conversion factor that could possibly explain the 
observed differences (Fig. S2). When we instead used an empirically 
derived CCS value for INS obtained by generating a calibration curve 
from our CCS measurements of the standard proteins, we obtained better 
agreement within 3% with our experimental data (Fig. 3B). 

Lastly, we computed theoretical CCS values for the egg proteins 
using this empirical calibration approach, finding that the theoretical 
CCS values for the most abundant charge state of LYS, OVA, and OVT to 
be 166, 336, and 496 nm2, respectively. The experimental values ob
tained were 160 ± 0.8, 340 ± 7.2, and 484 ± 37.2 nm2 corresponding to 
percent differences of −3.77, 1.20, and −2.43%, respectively (Fig. 3C). 
Interestingly, larger errors were noted for LYS for all charge states 
observed. However, LYS has relatively less HOS compared to OVA or 
OVT, as shown by the crystal structure from the Protein Data Bank 

(PDB), also embedded in Fig. 3A. Initially we believed this structural 
difference could have resulted in compaction of LYS as it is transferred to 
the gas-phase, resulting in the larger negative CCS differentials 
compared to the expected CCS values for a protein of such size or charge. 
However, chicken egg white LYS CCS values have been reported to range 
between 13 and 30 nm2 under both native and disulfide reducing con
ditions, indicating its wide conformational ensemble [26,27]. Addi
tionally, these values are all larger than the calculated cross section for 
the crystal structure coordinates of Lysozyme (11.8 nm2), indicating the 
diffuse nature of its HOS [27]. The agreement for LYS is still reasonable 
in consideration, however recent work by several groups continue to 
develop the discussion around the structural heterogeneity of proteins as 
a molecular class for ion mobility experiments [28], and the growing 
importance of selecting proteins with comparable mobilities for CCS 
calibration strategies [29]. Together, this approach provided a path for 
determining the degree of native structure conserved under TENG 
IM-nMS conditions. 

Fig. 2. Typical native mass spectra for cultural heritage-relevant proteins from chicken egg white: (A) lysozyme, (B) ovalbumin, (C) and ovotransferrin. Mass spectra 
and their corresponding IM-MS drift time plots show the distribution of monomer (blue) and dimer (green) species. The trimer was observed for lysozyme (orange). 
(For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 3. (A) CCS values for eight protein standards 
from the Bush CCS database (orange curve) and the 
corresponding experimental CCS measurements for 
the same standard proteins (blue curve). Correlation 
plots of charge (z) or molecular weight (kDa) were 
used to empirically calculated the theoretical CCS of 
HSA, LYS, OVA, and OVT. (B) Experimental CCS 
measurements of protein standards compared to their 
Bush database values showing <3.5% variation. (C) 
Experimental CCS measurements of egg proteins 
compared to their theoretical CCS values. (For inter
pretation of the references to colour in this figure 
legend, the reader is referred to the Web version of 
this article.)   
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3.3. Minimal sample size 

Confirming nMS results for egg proteins is a crucial step towards fully 
characterizing their structures for the subsequent analysis of similar 
proteins from objects of CH. However, these measurements used protein 
standards that are not only sufficiently pure, but also available at vol
umes exceeding 1 mL and concentrations of ~10 μM that are not likely 
obtainable from CH objects. We therefore leveraged the capabilities of 
sub-nanoliter volume analysis per TENG pulse [15], and sought to 
measure the average volume consumption in experiments with model 
proteins relevant to CH. A single ESI emitter was loaded with 3 μL of 
OVA at ~10 μM to perform a sample exhaustion TENG nESI experiment. 
We allowed this experiment to continue uninterrupted until either the 
sample was completely consumed, or the needle clogged from protein 
aggregation. It was observed that even after ~519 min of constant TENG 
IM-MS operation (Fig. 4A) the needle never clogged, reaching total 
sample consumption, as confirmed optically with a microscope. The 
calculated average number of pulses-per-minute of the experiment was 
14, with an average TENG pulse volume of approximately 412 pL, for a 
total consumed volume of 3 μL. To confirm these results, a duplicate 
experiment with a different total sample volume (2 μL) was conducted, 
finding that the average pulse volume was lower, averaging 330 pL 
(Fig. S3B), but similarly the needle did not clog as is often expected in 
nMS experiments. We hypothesize that the pulsed nature of TENG ESI 
may produce a sufficiently low flow rate during each pulse that it lowers 
the propensity of protein aggregation at the tip of the emitter that would 
typically lead to emitter clogging. 

Evaluating the information content more in depth, we do observe a 
systematic drop off in signal (~35–50% from TIC) after ~7 pulses and 
believe this may be a mistiming of our TENG device with the ion 
acquisition time in the trap cell for the proceeding IM experiment 
(Fig. 4B). With optimization we believe that this systematic effect can be 
minimized or completely negated, and when we zoom into the data 
further to evaluate the individual TENG peaks outside of this observa
tion, we find that they have great fidelity peak-to-peak in terms of 

variance of intensity and peak width (Fig. 4C). We compared the mass 
spectrum from OVA averaged using all TENG pulses from the experi
ment (Fig. 4D) and using only 8 TENG pulses (Fig. 4E). While the mass 
spectrum averaged from just 8 pulses has a lower S/N ratio compared to 
the full record length of the experiment, overall, both mass spectra have 
the same information content. When put in context the mass spectrum 
averaged across 8 peaks would be the equivalent of 3.3 nL of total 
sample and compute to a total consumption of 3.3 × 10−14 mol, or 
femtomole, quantities of OVA nearly ten orders of magnitude less from 
the full record length experiment (3.0× 10−5 mol consumed in standard 
experiment), three orders of magnitude less volume (3 μL in standard 
experiment) and three orders of magnitude more sensitive than the 
average quantity of sample that could be obtained from a real cultural 
heritage sample (nano-picomole range). 

To further evaluate the sensitivity of TENG devices, we performed a 
serial dilution of OVA from the standard 10 μM experiment down to 100 
nM (Fig. 5A), finding that the characteristic charge states of OVA 
(11–13+) was retained down to 500 nM without losing fidelity. Below 
this concentration, significant signal intensity was lost affecting the 
overall confidence of both qualitative and quantitative evaluations. We 
hypothesize that this reduction in signal was related to the lower con
centrations producing a lower density population of ions from ESI, 
combined with the high-pressure gases in the trap region of the instru
ment further reducing the density of the ion packet through scattering 
collisions. By reducing the gas flow into the trap region (Fig. S4, 
Table S3) we were able to recover the major charge states associated 
with OVA 11+ and 12+ charge states but observed significant signal in 
the 1000–3500 m/z range indicating that charge suppression may also 
play a significant role in the loss of signal at lower concentrations. 
Additionally, while these low gas pressures may improve signal at low 
concentrations, they can be detrimental to experiments that require 
activation in the trap region such as collision induced unfolding most 
likely due to the gas density being too low to properly confine the ions 
(Fig. S5C). However, there is also an interplay between the concentra
tion of the protein sample and the CIU fingerprint resolution which 

Fig. 4. A nESI emitter was loaded with 3 μL of OVA 
and allowed to be completely consumed while being 
ionized using TENG. (A) The total time to completely 
consume the sample was 519 min and totaling ~7300 
pulses results in an average consumption of 414 pL/ 
pulse. TENG provides (B) reproducible peak character 
and (C) an average of 1 peak every 5 s. (D) OVA mass 
spectra integrated across the entire record length (3 
μL) corresponding to the entire 3.50 × 10−5 mol of 
sample being consumed. (E) The mass spectra of OVA 
integrated across 8 peaks (3.3 nL) produces compa
rable information content, but only consumed. 3.30 
× 10−14 mol of sample.   
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results in potential structural collapse in the gas-phase at equivalent CV 
values where the protein unfolds at higher concentrations (Fig. S5). 
Further study on this observation is required though, and beyond the 
scope of this work. 

Inspired by the recent publication on sub-micron needles from Jor
dan S.J. et al. [30], we likewise pulled new nESI emitters at 1 μm and 
279 nm and confirmed the size of our standard 5 μm emitter and the 
submicron emitter using SEM (Fig. 5B–C, Fig. S6). Using these new 
emitters we were able to simultaneously improve the mass spectrum 
quality for 100 nM OVA significantly compared to our 5 μm emitters and 
dramatically reduce the amount of salt clusters present. Lastly, using the 
new submicron emitter, we obtained CCS measurements for the entire 
series of concentrations and quantitated that the experimental CCS 
values obtained are within good agreement (within 3% by error bar) of 
one another (Fig. 4D), and in good agreement (±3%) with the theoret
ical CCS measurement (Fig. 4E). Together, with the previous section on 
sample volume size and the evaluation of low concentrations required 
for TENG experiments combined with the structural characterizing 
capability of IM-MS could provide outstanding analytical measurements 
for ultra-precious materials such as proteins and protein complexes in 
objects of cultural heritage. 

4. Conclusions 

Here, we demonstrate TENG and IM-MS on a series of standard 
proteins and proteins from eggs with the potential future application for 
nMS analysis of proteins in cultural heritage objects. To ensure no sys
tematic deviations were observed, three standard proteins were 

analyzed using DC-based and TENG-based power supplies, which were 
both calibrated to the respective ion source and cross-calibrated. We 
found that all three sets of CCS values measured were well within 3% of 
each other and their corresponding CCS database value. An additional 
eight standard proteins were used to validate the capabilities of TENG to 
generate ions under native conditions for a mass range of 5–800 kDa, 
with experimental CCS values being within 3.5% of the database values. 
Empirically derived theoretical CCS values for a series of egg proteins 
were compared with our experimental CCS measurements under nMS 
conditions and a ≤3% difference was seen for all except LYS, which 
likely undergoes a gas-phase compaction due to its lack of HOS. Our 
findings demonstrate that TENG-based ionization is capable of gener
ating native-like ions, and importantly enables us to access its powerful 
analytical capabilities as described in previous reports for nMS on older 
generations of IM-MS instrumentation. 

We leveraged the analytical capabilities of TENG by performing a set 
of serial dilutions and consumption experiments and evaluated those 
measurements to our results at typical nMS concentrations and volumes. 
This series of experiments demonstrated that TENG enables volume 
consumption in the hundreds of pL range, and that signal averaging 
across only eight TENG peaks, which equates to just 3.3 nL total, 
resulted in comparable information content in the mass spectrum to the 
full 3 μL experiment and consumed ten-orders-of-magnitude less sample 
than traditional nMS experiments. Additionally, we found that for OVA, 
the concentration could be reduced to 500 nM without significantly 
effecting the information content of the native mass spectra, and that we 
could recover the fidelity of samples as low as 100 nM by using sub- 
micron emitters for the nESI process. These findings combined with 

Fig. 5. (A) Mass spectral overlay for ovalbumin 
across a range of concentrations: 10 μM, 7.5 μM, 5 
μM, 2.5 μM, 1 μM, 750 nM, 500 nM, 250 nM, and 100 
nM. At 250 and 100 nM S/N sharply decreases pri
marily due to ion suppression from salt clusters. 100 
nM signal can be partly recovered through instrument 
parameter and quadrupole tuning, but salt clusters 
remain present. The 100 nM signal can be further 
improved using submicron emitters. SEM images of 
(B) 5 μm and (C) 0.28 nm emitters. (D) Calculated 
CCS values for ovalbumin concentration gradient. (E) 
Percent difference of experimental vs. theoretical CCS 
values, which all fell within 3% for ovalbumin.   

D.D. Vallejo et al.                                                                                                                                                                                                                               



Analytica Chimica Acta 1269 (2023) 341374

8

previous reports demonstrate that the analytical capabilities of TENG 
are readily applicable to proteins along with a wide range of molecular 
classes [13–16]. Moving forward, we aim to apply our TENG-IM-MS 
technology to model systems mimicking the complex chemical (or ma
terial) mixtures of ultra-precious CH samples to access the information 
content locked within. By using newer generations of IM-MS instru
mentation, we increase our capability to address the limitations of 
sample size (low microgram range) and the picomole sensitivity 
required for the proteinaceous fraction. After which samples from CH 
samples from paintings and other CH objects will be considered for 
future study. These results demonstrate that nMS methodologies are 
suitable to the restrictions of irreplaceable objects and enables 
state-of-the-art technologies like TENG and IM-MS to enter the CH 
research toolbox, lifting the lid on the unique and complex structures of 
proteins within art-matrices and enabling for the first time for the 
probing of protein degradation mechanisms to advance preservation 
strategies. 
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