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Abstract 

Nanomaterials have been explored as alternative matrices in MALDI-MS to overcome 

some of the limitations of conventional matrices. Recently, we demonstrated a new means by 

which nanomaterials can improve peptide ionization and detection in MALDI-MS analyses by 

exploiting the tendency of nanomaterials to form ‘coffee rings’ upon drying from liquids. In the 

current work, we investigate how nanomaterial size and composition affect the signal enhancement 

of peptides through the coffee-ring effect. From studies of eight different types of nanomaterials 

ranging in size and composition, we find that most nanomaterials can provide signal enhancement 

ranging from 2- to 10-fold for individual peptides, as long as a coffee ring is formed. However, 

when a mixture of peptides is present in a sample, the signal enhancement is the greatest for 

peptides whose net charge is complementary to the nanomaterial’s surface charge. These results 

suggest that careful design of NM surface properties could allow for selective, enhanced MALDI-

MS detection of specific peptides in complex mixtures. 

Keywords: Coffee ring effect, MALDI-MS, particle-peptide binding efficiency, signal 

enhancement, nanomaterials 
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Introduction  

Matrix-assisted desorption ionization mass spectrometry (MALDI-MS) is a soft ionization 

technique that has been widely used to detect various molecules because of its high sensitivity, 

high throughput, minimal sample consumption, and ability to be used in an imaging context. 

Various matrices have been used for MALDI-MS to facilitate ionization. Conventional organic 

matrices consisting of extended π-conjugated systems and polar acidic or basic functional groups 

are commonly used.1-9 However, conventional organic matrices have some limitations, such as 

low m/z interferences and spot-to-spot signal variability that have inspired the search for new 

matrices.10-13  

Nanomaterials (NMs) have been studied extensively as alternate matrices because (i) they 

typically do not have low m/z interferences and/or (ii) they can be used to simultaneously enrich 

analytes for more selective detection.14-16 NMs often have unique optical properties, energy 

transfer characteristics, high surface areas, and high conductivities that make them very useful 

materials in MALDI-MS.17,18 Surface-functionalized NMs can enable selective analyte capture 

while also acting as matrices that facilitate analyte ionization and detection.15,19,20 Carbon-based 

NMs,21,22 metal-core NMs,18,23-27 and metal oxide-based NMs28-31 have been most commonly 

applied to assist desorption/ionization of analytes, and some of these materials can also be used to 

selectively trap target molecules via electrostatic interactions, covalent binding, or hydrophobic 

interactions.  

Much less attention has been paid to how NM-based matrices could improve spot-to-spot 

signal variability. The formation of analyte “sweet spots” when using conventional organic 

matrices is a common problem that arises from inhomogeneous distributions of analyte-matrix 

crystals, which can negatively influence quantitative analyses in MALDI-MS.32,33 Some work has 
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shown that careful spotting procedures,34 layer-by-layer NM deposition, 35,36 and the proper choice 

of size and preparation conditions37, 38 can improve sample homogeneity when using NM matrices, 

but none of these studies has used the inherent properties of NM to improve spot-to-spot signal 

variability. We recently demonstrated that the tendency of nanoparticle-containing liquids to form 

a ‘coffee ring’ upon drying can be used to improve sample homogeneity and enhance analyte 

detection.39 In that proof-of-concept work, we demonstrated that the coffee ring effect helps 

concentrate analytes into a smaller area, overcoming spot-to-spot heterogeneity while also 

reducing low m/z interferences. The coffee-ring effect itself has been extensively studied, 

providing useful insight that could be used to further enhance the MALDI-MS detection of 

biomolecules in the presence of NMs. Factors such as evaporation rate, particle size, particle 

composition, and solution composition40-42 affect coffee-ring formation, and are variables that 

should be investigated to further improve signal enhancement.  

Here, we describe how NM composition affects MALDI-MS signal enhancement for 

individual peptides and peptide mixtures through the coffee ring effect.  We find that NM 

composition has a relatively minor effect on signal enhancement as long as a robust coffee ring is 

formed. Peptide identity has a more notable effect on signal enhancement, especially in peptide 

mixtures where the enhancement is greatest for peptides and NMs having opposite charges. Our 

results suggest that peptides in a mixture compete for binding sites on the NMs, allowing some 

selectivity in peptide detection. Overall, the results presented here demonstrate that a wide array 

of NMs can be used to enhance peptide signal in MALDI, and careful design of NM surface 

properties and coffee ring formation conditions could allow for more selective peptide detection.  
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Materials and methods 

Chemicals and materials 

α-cyano-4-hydroxycinnamic acid (CHCA) was purchased from Sigma-Aldrich (St. Louis, 

MO). The peptides angiotensin I (MW 1296, DRVYIHPFHL), angiotensin II (MW 1046, 

DRVYIHPF), ANP (MW 1225, SLRRSSCFGGR), bradykinin (MW 1060, RPPGFSPFR), β-

amyloid (10-20), kinetensin (MW 1172, IARRHPYFL), and preproenkephalin (MW 1955, 

SSEVAGEGDGDSMGHEDLY) were purchased from the American Peptide Company 

(Sunnyvale, CA). Bovine serum albumin (BSA) digest was purchased from New England Biolabs 

(MA, USA). Citrate gold nanoparticles (AuNPs) with 20 nm core sizes (Product#: 741965) and 

graphene quantum dot (GQD) with 5 nm core sizes (Product#: 900712) were purchased from 

Sigma-Aldrich (St. Louis, MO). TEGOH AuNPs, which have an alkanethiolate surface coating 

that is terminated by tetraethylene glycol groups (Scheme S1), were synthesized using published 

methods.18,39 Details of the synthesis are included in the SI. Graphene oxide (GO) was purchased 

from Graphene Supermarket (New York, USA). MXenes, including ones doped with the metals 

Co, Fe, and Ni, were prepared using previously described methods,43 and details of the syntheses 

are included in the SI. Deionized water was obtained from a Millipore Simplicity 185 Milli-Q 

system. All other chemicals were used as their purchased forms. 

Characterization of the NMs 

The zeta-potential of nanomaterials was determined using a Zetasizer Nano-ZS (Malvern 

Instruments, UK). All nanomaterials were dispersed in deionized distilled water for analysis. The 

analysis was performed at 25 °C using a scattering angle of 173°. All data are derived from at least 

three independent experiments. 
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Sample preparation  

The NMs were dissolved in deionized water at the desired concentration and sonicated for 

15 min. The MALDI matrix CHCA was prepared as a stock solution at 30 mg/mL and diluted to 

the desired concentrations with a mixture of acetonitrile:water (70:30). To achieve complete 

dissolution of the CHCA solution at 30 mg/mL, the solution was sonicated and heated for 30 min. 

The peptides were dissolved in water and were mixed with the NM solution at the concentrations 

of interest. Then, 5 μL of the NM/peptide sample was further mixed with 5 μL of matrix solution 

to achieve the desired concentrations, with the acetonitrile:water ratio 35:65. A 1 μL aliquot of the 

NM/peptide/matrix mixture was then directly deposited onto a stainless steel target and allowed to 

dry at room temperature. After solvent evaporation and sample crystallization, the target plate was 

introduced into mass spectrometer for MALDI-MS analysis. 

MALDI-MS analysis 

All MS analyses were performed on a Bruker Autoflex III MALDI-TOF mass spectrometer 

that is equipped with a Nd:YAG laser (355 nm) that is part of the Smartbeam system. To acquire 

a single mass spectrum, 250 laser shots were fired at a frequency of 100 Hz at 30% of the full laser 

power. These laser shots were spread across at least 10 random locations on the sample spot. For 

studies of the coffee ring, these 10 different locations were chosen to be in the visible ring as 

observed by the Autoflex’s camera. For analyses in the interior of coffee-ring forming spots, these 

10 different locations were chosen to be far from the visible coffee ring. Most MALDI experiments 

were conducted with a laser spot size of 0.15 mm, whereas the MS imaging experiments were 

done on some samples using a laser-beam raster width of 25 μm. After the MALDI-MS imaging 

experiments, the m/z values of interest were selected to generate images of the analyte 

distributions. 
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RESULTS AND DISCUSSION 

NM type affects coffee ring formation and MALDI signal enhancement 

NMs of various sizes and compositions (Table S1) were investigated for their ability to 

enhance peptide detection during MALDI-MS analysis. In our previous work,39 we found that low 

CHCA matrix concentrations (≤ 2.5 mg/mL) were important to facilitate coffee ring formation and 

ion signal enhancement. For the NMs studied here, we find that similarly low matrix 

concentrations are necessary, with matrix concentrations between 0.25 and 0.5 mg/mL being 

optimal for most NMs. It should be noted that these matrix concentrations are much lower than 

CHCA concentrations (~15 mg/mL) that are used in conventional MALDI-MS analysis, and no 

coffee ring is formed without NMs present. A wide range of NM concentrations (0.005 – 0.35 

mg/mL) are suitable for forming coffee rings and providing signal enhancement, although the 

thickness of the coffee ring is affected by NM concentration, as has been shown previously.41 

Some NMs formed less well-defined coffee rings than others, and this is consistent with the known 

effect of NM size,41,44 with smaller NMs forming more discrete coffee rings (Figure S1). As an 

example, citrate AuNPs, which are 17 nm in diameter, form a more well-defined ring than the 

MXene NMs, which have sizes closer to 1000 nm (Figure 1a – c). As has been observed in previous 

work,45 it is likely that the larger NMs flocculate in the interior of the droplet during evaporation, 

preventing a more homogenous coffee-ring from forming.  This variation in ability to form coffee 

rings directly influences the distribution of matrix and peptide signals on the target surface. The 

smaller NMs, like the citrate AuNPs, generate ion signals predominantly in the ring, while the 

larger NMs, like the MXenes, yield more heterogeneously distributed ion signals (Figure 1d and 

e). It should be noted that low matrix concentrations (i.e. 0.25 – 0.5 mg/mL) without the NMs or 

the NMs alone without matrix provide no ion signal for peptides  at 1 pmol levels (Figure S2).  
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Despite NM differences in coffee ring formation, signal enhancements relative to 

conventional MALDI are observed for all the tested NMs except GO. Figure 2 shows 

representative mass spectra of the peptide bradykinin analyzed by conventional MALDI as 

compared to bradykinin analyzed with various coffee-ring forming NMs. In all cases, except for 

GO, the protonated bradykinin signal is higher when NMs are used than when conventional CHCA 

concentrations (i.e. 15 mg/mL) are used. Generally speaking, we observe signal enhancements of 

between 2- and 10-fold, depending on NM identity and concentration and peptide identity. Table 

1 shows a representative set of signal enhancement values for the peptide bradykinin for different 

NMs. The TEGOH AuNPs, citrate AuNPs, and MXene NMs doped with Co(II) or Ni(II) provide 

the greatest enhancement for bradykinin, and these NMs also typically yield the highest signal 

enhancement values for most other peptide as well (e.g. Table S2).  

 

 
Figure 1: Optical and MS images of samples prepared for conventional MALDI-MS and coffee-ring 
enhanced MALDI-MS. (a) Optical image from 1 µL of a conventional matrix (15 mg/mL CHCA) 
preparation with the peptide bradykinin at 1 µM. (b) Optical image of the coffee ring formed from a 1 
µL solution of 0.25 mg/mL of citrate AuNPs, 0.25 mg/mL CHCA matrix, and 1 µM bradykinin. (c) 
Optical image of the coffee ring formed from a 1 µL solution of 0.25 mg/mL of MXene, 0.25 mg/mL 
CHCA matrix, and 1 µM bradykinin. (d) MALDI-MS images of the CHCA matrix signal (m/z 172) 
from a coffee ring formed from a 1 µL solution of 0.25 mg/mL of MXene or citrate AuNPs, 0.25 mg/mL 
CHCA matrix, and 1 µM bradykinin. (e) MALDI-MS images of the bradykinin signal (m/z 1060) from 
a coffee ring formed from a 1 µL solution of 0.25 mg/mL of MXene or citrate AuNPs, 0.25 mg/mL 
CHCA matrix, and 1 µM bradykinin.  
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Figure 2: Representative MALDI mass spectra of 1 µM bradykinin by conventional MALDI (15 
mg/mL CHCA) and from coffee-ring enhanced MALDI with different NMs, including 0.35 mg/mL 
TEGOH, 0.125 mg/mL citrate-AuNPs, 0.125 mg/mL Co-MXene, and 0.025 mg/mL GQD. In the NM 
preparations, the CHCA matrix concentration was 0.25 mg/mL. 
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Table 1: Ion abundances, signal-to-noise (S/N) ratios, and signal enhancement factors for the 
coffee-ring enhanced MALDI analysis of 1 µM bradykinin. 
 

Matrix 
NM 

concentrationa 
(mg/mL) 

Ion abundanceb S/N ratiob 

Signal 
enhancement 

factorc 

Conventional MALDI N/A 2,200 ± 100 690 ± 60 1.0 

TEGOH AuNPs 0.35 22,000 ± 4,000 3,800 ± 700 5.5 

Citrate AuNPs 0.125 17,000 ± 2,000 3,000 ± 1000 5.0 

Mxene 0.25 6,000 ± 1,000 1,800 ± 300 2.6 

Co-Mxene 0.25 23,000 ± 5,000 4,700 ± 700 6.9 

Ni-Mxene 0.25 23,000 ± 1,000 4,400 ± 200 6.5 

Fe-Mxene 0.25 7,600 ± 400 2,600 ± 700 3.8 

GO 0.125 400 ± 90 100 ± 30 0.2 

GQD 0.025 24,000 ± 3,000 2,300 ± 120 3.3 
a In all cases, except the conventional MALDI analysis, the CHCA concentration in the sample was 0.25 mg/mL. For 
conventional MALDI, the CHCA concentration was 15 mg/mL. 
b The ion abundance and S/N ratio values are from the average and standard deviations of 10 mass spectra acquired 
from different locations along the coffee ring (except for conventional MALDI). Each spectrum is the accumulation 
of 250 laser shots. The ion abundances trends reported here were consistent across multiple sample spots (≥ 5) and 
days. 
c The signal enhancement factor is obtained by dividing the S/N ratio value of the coffee-ring enhanced measurement 
by the conventional MALDI-MS measurement. 

 

The observed signal enhancement is primarily due to a peptide concentration effect in the 

ring itself, as the area covered by the ring is 15 to 30-fold less than the area covered by the entire 

sample spot. Consistent with this observation is the fact that peptide ion signals in the interior of 

the sample spot are always lower than peptide ion signals in the ring (Figure 3). There is no obvious 

correlation between signal enhancement values and how well-defined the coffee rings are, as NMs 

that form well-defined coffee rings (e.g. citrate NMs) often provide similar signal enhancements 

as NMs that do not form as well-defined coffee rings (e.g. Co-MXene). It should be noted, 

however, that while coffee ring formation is necessary for observing signal enhancement, it is not 

sufficient for signal enhancement, as GO forms a defined coffee ring (Figure S1h) but does not 

enhance peptide ion signal (Table 1). 
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NM-based signal enhancement changes in peptide mixtures 

  The effect of peptide identity on the coffee ring-induced signal enhancement was 

investigated for individual peptides and mixtures of peptides. Using a model set of seven peptides 

with a range of pI values, we observe signal enhancements relative to conventional MALDI for 

almost all the peptides when they are analyzed individually (Table 2, column two). We focus on 

only the TEGOH AuNPs, citrate AuNPs, GQD, and Co-MXene because these NMs provided the 

most consistently high peptide signal enhancements. The major exception to the signal enhancment 

trend is for the peptide ANP (SLRRSSCFGGR), which is not detected when GQDs are used. The 

reason for this behavior is unclear, but it is reproducible. Interestingly, this peptide can be detected 

at low levels in mixtures with the GQD. The specific factors that influence the magnitudes of the 

enhancement factors for each peptide and NM are not clear but will be investigated more fully in 

the future. 

 

 
Figure 3: Representative MALDI mass spectra from a sample containing 0.125 mg/mL citrate 
AuNPs, 0.25 mg/mL of CHCA, and 1 µM of the peptide bradykinin (m/z 1060), showing the higher 
signal in the outer coffee ring (bottom) than in the interior of the sample spot (top). 
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Table 2: Signal enhancement values relative to conventional MALDI matrix concentrations for 
peptides analyzed individually or in mixtures in coffee rings formed by the indicated NMs. 
 
TEGOH (0.35 mg/mL) 

Peptide Individual Mixture Ratio Peptide pI 

1. Bradykinin  2.3 3.1 1.35 12.4 
2. ANP   3.0 1.1 0.37 12.1 
3. Kinetensin  1.3 2.3 1.77 11.1 
4. Angiotensin I  3.0 1.5 0.50 7.91 
5. Angiotensin II  5.9 1.3 0.22 7.76 
6. Beta-amyloid  2.1 0.4 0.19 5.97 
7. Preproenkephalin 0.8 -- 0.00 3.37 

 
Citrate AuNPs (0.125 mg/mL) 

Peptide Individual Mixture Ratio Peptide pI 

1. Bradykinin   3.0  4.0 1.33 12.4 
2. ANP   3.9 1.1 0.28 12.1 
3. Kinetensin   2.5  4.4 1.76 11.1 
4. Angiotensin I   5.0 4.5 0.90 7.91 
5. Angiotensin II   3.2 1.9 0.59 7.76 
6. Beta-amyloid  7.3 3.8 0.52 5.97 
7. Preproenkephalin 1.7 -- 0.00 3.37 

 
GQD (0.025 mg/mL) 

Peptide Individual Mixture Ratio Peptide pI 

1. Bradykinin   1.7  3.5 2.06 12.4 
2. ANP   0.0 0.3 N.D. 12.1 
3. Kinetensin   2.2  2.6 1.18 11.1 
4. Angiotensin I   1.7 2.5 1.18 7.91 
5. Angiotensin II   2.7 1.5 0.56 7.76 
6. Beta-amyloid  1.4 1.3 0.92 5.97 
7. Preproenkephalin 1.7 -- 0.00 3.37 

 
Co-MXene (0.25mg/mL) 

Peptide Individual Mixture Ratio Peptide pI 

1. Bradykinin   2.1  5.1 2.43 12.4 
2. ANP   2.5 7.3 2.92 12.1 
3. Kinetensin   2.4  7.6 3.17 11.1 
4. Angiotensin I   1.5 0.9 0.60 7.91 
5. Angiotensin II   4.1 1.8 0.44 7.76 
6. Beta-amyloid  5.4 0.6 0.11 5.97 
7. Preproenkephalin 1.9 -- 0.00 3.37 
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 An interesting observation is that the signal enhancement factors change substantially when 

the seven peptides are analyzed as a mixture (Table 2, column three). As a general trend, the signal 

enhancement factors for the peptides with high pI values either remain the same or increase, while 

the peptides with low pI values have decreased signal enhancement factors. The notable exception 

is for the peptide ANP when it is in a mixture with the two AuNPs. This peptide has a high pI 

value, but its signal enhancement decreases in the mixtures when TEGOH AuNPs or citrate AuNPs 

are used to form the coffee ring. We do not know the reason for this behavior, although we note 

that it is the only peptide with a Cys residue. Given the high affinity of thiol groups for AuNPs, it 

is possible that these strong interactions influence its signal when present in mixtures. Future work  

will investigate this possibility by examining other Cys-containing peptides.   

We hypothesized that the signal enhancement changes in peptide mixtures might arise from 

competitive interactions between the peptides for limited binding sites on the NMs, allowing some 

peptides to be deposited with the NMs in the coffee ring while other peptides remain in the interior 

of the sample spot. To test this hypothesis, we performed two sets of experiments. First, the mixture 

of seven peptides and the individual NMs were allowed to form dried coffee rings, and then a small 

spot of 15 mg/mL of CHCA matrix was added to the interior of the dried sample spot, carefully 

avoiding the mixing of the higher CHCA concentration with the dry coffee ring (Figure 4). The 

purpose of this experiment was to see if there was some fractionation of peptides according to pI 

value when the initial coffee ring was formed. When the samples are analyzed in the ring versus 

the interior, we find that the high pI peptides have more abundant ion signals in the ring than in 

the interior, while the signal for the low pI peptides is about the same, as illustrated for citrate 

AuNPs (Figure 4). 
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In a second set of experiments, we investigated the influence of NM concentration on the  

distribution of peptide signals. At low NM concentrations, the peptides are distributed more 

heterogeneously throughout the sample spot, as illustrated for 0.025 mg/mL concentrations of 

citrate AuNPs (Figure 5). Interestingly, the images for the higher pI peptides (e.g. RPPGFSPFR, 

IARRHPYFL) have more high intensity pixels (i.e. light colors) in the ring than the interior of the 

sample spot, while the low pI peptides (e.g. DRVYIHPF, YEVHHQKLVFF) tend to have fewer 

high intensity pixels in the ring. This observation is consistent with the high pI peptides having a 

higher signal enhancement when the mixtures are analyzed. When the NM concentrations are 

increased, as exemplified for 0.125 mg/mL citrate AuNPs (Figure 5), all the peptides become more 

homogeneously distributed in the coffee ring. These observations suggest that when enough NM 

interaction sites are present, more of the peptides are localized to the coffee ring. Together these 

two sets of data provide support for our hypothesis that the peptides compete for interactions sites 

 
Figure 4: Representative MALDI mass spectra of the mixture of seven peptides shown in Table 2 after 
coffee ring formation with 0.125 mg/mL of citrate AuNPs and 0.25 mg/mL CHCA, followed the 
addition of 15 mg/mL of CHCA in the interior of the sample. 
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on the NMs, allowing some peptides to be selectively deposited on the outer ring especially at 

lower NM concentrations, while others remain more in the interior of the sample spot. In effect, 

the formation of the coffee ring by the NMs provides a crude fractionation of the peptides 

according to pI value. When one considers that the TEGOH AuNPs, citrate AuNPs, Co-MXene, 

and GQD all have negative zeta potentials (Table S1), it is probably not surprising that this crude 

fractionation favors the high pI peptides that are more positively charged. 

 

To further illustrate the fractionation effect that occurs up coffee ring formation with the 

NMs, we analyzed a BSA digest. In its intact form, BSA is a ~66 kDa protein that has a pI value 

of about 4.7,46 which means it has an excess of negatively-charged residues, such as Asp and Glu. 

 
Figure 5: MALDI-MS images of peptides from the seven-peptide mixture after formation of coffee 
rings with two concentrations of citrate AuNPs (0.025 mg/mL and 0.125 mg/mL) and 0.25 mg/mL of 
CHCA. 
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Consequently, the vast majority of the peptides that are generated when it is digested have low pI 

values, although a few do have high pI values.  During conventional MALDI-MS analysis with 

BSA concentrations (1 µL of a 0.125 µM solution) close to the detection limit of our MALDI-MS 

instrument, we find that relatively few peptides are detected, and they are a 50:50 mix of low pI  

(< 7) and high pI (> 7) peptides (Figure 6). When this same BSA digest concentration is analyzed 

after allowing it to form a coffee ring with various NMs, we find that the signal is much higher for 

 
Figure 6: Representative MALDI mass spectra of a 1 µL sample of a 0.125 µM BSA digest 
by conventional MALDI (15 mg/mL CHCA) and from coffee-ring enhanced MALDI with 
different NMs, including 0.35 mg/mL TEGOH, 0.125 mg/mL citrate-AuNPs, 0.125 mg/mL 
Co-MXene, and 0.025 mg/mL GQD. In the NM preparations, the CHCA matrix concentration 
was 0.25 mg/mL. The numbers above each peak correspond to the detected peptides that are 
indicated in Table 3. The peptides that are indicated have a signal-to-noise ratio above 3 and 
were detected in at least 10 mass spectra. 
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most peptides and several new peptides emerge due to the signal enhancement effect of the NMs. 

As can be seen in Table 3, about 90% of the newly detected peptides have pI values above 7. If we 

compare these results to the results from conventional MALDI at higher BSA concentrations (1 

µL of a 0.5 µM solution), we measure four new peptides that were not detectable with conventional 

MALDI at the lower BSA concentrations, including the peptides RHPEYAVSVLLR (pI = 9.54), 

LGEYGFQNALIVR (pI = 6.81), ADLAKYICDNQDTISSK (pI = 4.01), and 

EC*C*HGDLLEC*ADDRADLAK (pI = 3.85). Of these four new peptides, only one of them has 

a pI value above 7 (i.e. RHPEYAVSVLLR). These results suggest that detection of the new 

peptides in the presence of the NMs is because of the more effective binding of higher pI peptides 

to the negatively-charged NMs, allowing them to be more effectively deposited on the coffee ring 

for enhanced detection. 

 

Table 3: Peptides that are detected (as indicated by •) from a 1 µL sample of a 0.125 µM BSA 
digest by conventional MALDI or upon formation of coffee rings with the indicated nanomaterials. 
 

Peptidea m/z pIb Normal 
MALDIc 

TEGOHd Citrate 
AuNPse 

Co-
MXenef 

GQDg 

1. DLGEEHFK 974 3.69 • • • •  
2. AFDEK 609 3.93 •     
3. LVNELTEFAK 1164 4.15 • • • •  
4. HLVDEPQNLIK 1306 5.17 • • • •  
5. C*C*TKPESER 1167 6.14  • • • • 
6. YLYEIAR 928 6.56 • • • • • 
7. LGEYGFQNALIVR 1480 6.81  • •   
8. NEC*FLSHK 1034 7.04 • • • • • 
9. LC*VLHEK 898 7.08  • • • • 
10. SEIAHR 712 7.55  • • • • 
11. HPEYAVSVLLR 1284 7.55  • • •  
12. DTHK 500 7.83     • 
13. VGTRCCTKPESER 1465 8.10  • • •  
14. GACLLPK 701 8.84  • • • • 
15. GAC*LLPK 758 8.84  • • • • 
16. CASIQKFGER 1139 9.12  • • • • 
17. CASIQK 649 9.13  • • • • 
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18. KVPQVSTPTLVEVSR 1640 9.90  • • • • 
19. LVTDLTKVHK 1154 9.93  • • •  
20. DTHKSEIAHRFK 1469 9.96  • •   
21. QIKKQTALVELLK 1512 10.39 • • • • • 
22. RHPEYAVSVLLRLAK 1752 10.39 • • • • • 
23. HKPK 509 10.69 • • • • • 
24. QIKK 516 10.69     • 
25. VASLR 545 10.81  • • • • 
26. AWSVAR 689 10.90 • • • • • 
27. QRLR 572 12.10 • • • • • 

a Amino acid sequence of peptides that were detected with a signal-to-noise ratio above 3 in at least 10 mass spectra. 
Cysteines that are modified by iodoacetamide are indicated with an asterisk. 
b Isoelectric point (pI) value estimated using the calculator at https://pepcalc.com/ 
c Conventional MALDI was performed using a CHCA concentration of 15 mg/mL. 
d Coffee ring was formed with 0.35 mg/mL of TEGOH and 0.25 mg/mL of CHCA. 
e Coffee ring was formed with 0.125 mg/mL of citrate AuNPs and 0.25 mg/mL of CHCA. 
f Coffee ring was formed with 0.125 mg/mL of Co-MXene and 0.25 mg/mL of CHCA. 
g Coffee ring was formed with 0.025 mg/mL of GQD and 0.25 mg/mL of CHCA. 
 

Conclusions 

 The presence of NMs in solutions prepared for MALDI-MS analysis of peptides causes the 

formation of visible coffee rings as the samples dry. Peptides in solution are found to be enriched 

in these coffee rings, allowing for their signal to be enhanced up to 10-fold, as compared to 

conventional MALDI, when the laser is focused on the location of the rings. The identity of the 

nanomaterial itself has a modest effect on the observed signal enhancement, with smaller NMs 

tending to enhance signal somewhat more than larger NMs. Although, it should be noted that the 

formation of a coffee ring is necessary but not sufficient for signal enhancement, as GO NMs do 

not enhance peptide signals despite forming a well-defined coffee ring. When a mixture of peptides 

is combined with a given NM, the signal enhancements are found to depend on peptide charge, 

with positively-charged peptides being enhanced to a greater extent than negatively-charged 

peptides. This observation is most striking for a BSA digest, which contains an abundance of 

negatively-charged peptides, yet yields primarily positively-charged peptides upon ionization in 

the presence of NMs. We hypothesize that that the positively-charged peptides outcompete 
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negatively-charged peptides for binding sites on the negatively-charged NMs, allowing them to be 

preferentially enriched and detected in the coffee rings. Future work will seek to exploit this 

selective, enhanced detection by designing NM surfaces that can selectively binding different 

analytes.  
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A variety of different nanomaterials can form coffee rings upon drying from liquid samples that 

contain low concentrations of a MALDI matrix and peptides. Upon laser irradiation of these coffee 

rings, peptide ion signals can be enhanced compared to conventional MALDI-MS, and peptide 

detection selectivity can be achieved based on the nanomaterial surface properties. 

 

 


