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ABSTRACT 

Nanoparticles used for medical applications commonly possess coatings or surface functionalities 

intended to provide specific behaviour in vivo, for example the use of PEG to provide stealth 

https://doi.org/10.1021/acs.jpca.3c03879
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properties. Direct, quantitative measurement of the surface chemistry and composition of such 

systems in a hydrated environment has thus far not been demonstrated, yet such measurements are 

of great importance for the development of nanomedicine systems. Here we demonstrate the first 

use of Cryo-XPS for the measurement of two PEG-functionalised nanomedicines: a polymeric 

drug delivery system and a lipid nanoparticle mRNA carrier. The observed differences between 

Cryo-XPS and standard XPS measurements indicate the potential of Cryo-XPS for providing 

quantitative measurements of such nanoparticle systems in hydrated conditions. 

INTRODUCTION 

Nanoparticles are used as drug delivery vehicles to protect the therapeutic cargo and improve 

the intracellular delivery, and therefore bioavailability and potency, of small and large molecules1–

5. Particles in the blood stream in the size range between 60 nm and 400 nm6 are found to 

accumulate at the tumour site due to the defective vasculature architecture of tumour vessels, 

which prompted a significant interest in the use of nanoparticles for cancer treatment applications3. 

The recent pandemic has brought onto centre stage the use of lipid nanoparticles (LNP) for the 

protection and delivery of oligonucleotides for vaccine applications7. For nanoparticles to be used 

in the body, certain features are critical – the complex nanomedicine, comprising both the active 

ingredient and the delivery vehicle, must have favourable therapeutic index, be effective at 

reaching the desired target, and present a favourable pharmacokinetic profile for an effective dose 

to be applied.  

It is well known that particle surface chemistry affects how nanomaterials interact with the 

biological environment. In order to maximise the circulation time of nanomedicines within the 

body, a common strategy consists of functionalising the external surface of the nanoparticles with 

poly(ethyleneglycol) (PEG, also known as polyethylene oxide) moieties. PEG is known for 
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providing 'stealth' properties – allowing the particle to avoid clearance mechanisms thus increasing 

time spent in circulation,8,9 and potentially providing other benefits depending on the specific 

system, including improved stability and reduced immunogenicity.10–12 

For therapeutic nanomaterials PEGylation is widespread, with the majority of nanomedicines 

currently in use incorporating PEG.13 For polymer-based nanomedicines, for example, surface 

coverage of the PEG layer can have more profound effects than nanoparticle size in determining 

clearance rate in-vivo14. In the case of LNPs, the presence of PEG on the surface is integral to the 

mechanism of particle formation. It is thought in fact that particles produced by the rapid mixing 

microfluidic approach are initially stabilised by attractive electrostatic interactions between the 

cationic lipids and anionic nucleic acids present. The particles fuse together and grow in size as 

the pH of the solution is raised to neutral and the lipids lose their charge, until the density of the 

PEG layer at the surface of the particles is such to impart steric stabilisation15. The ability to 

interrogate the external PEG layer is of great advantage to gain further understanding and control 

of product development and performance. However, key characteristics such as the chemical 

composition, chain orientation and distribution, layer thickness and density of this PEG coating 

are rarely identified, with characterisation typically focussing on indirect measurements including 

liquid chromatography, liquid-based particle size methods, and infrared or Raman-based 

spectroscopies.13 While transmission electron microscopy (TEM) is sometimes used for structural 

characterisation, this may have drawbacks in terms of the limited statistical representation of the 

sample, instability of soft matter samples under the electron beam, the low contrast for purely 

organic nanomaterials, and the difficulty of their chemical identification, which make quantitative 

measurements challenging. In addition, cryogenic preparation is often required to image these 

materials to achieve a close-to-native environment, i.e. representative of the hydrated conditions. 
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High vacuum chemical analysis tools such as X-ray photoelectron spectroscopy (XPS), time-of-

flight secondary ion mass spectrometry (TOF-SIMS) and atomic probe tomography have been 

successfully used to localise, identify and quantify the chemical composition of nanoparticles and 

their coatings. Their broad application to nanomedicine systems holds significant potential in 

answering some critical question around, for example, the successful encapsulation of the 

therapeutically active molecules, their degradation or release mechanism. The same methods 

would also allow the measurement of particle coatings that are rationally engineered to increase 

circulation times and enable active targeting of disease sites. However, introducing soft matter 

particles in the vacuum environment while preserving their structure is a significant technological 

challenge and a number of strategies have been developed to overcome this obstacle16. One of the 

most common methods for analysis of vacuum-sensitive materials is the use of near-ambient-

pressure (NAP) techniques such as NAP-XPS. This may be achieved in a number of ways, most 

of which involve holding the sample at a given pressure with differential pumping providing a 

sharp gradient towards UHV conditions closer to the detector. This typically requires 

instrumentation designed specifically for this purpose and may necessitate care in calibration to 

account for the NAP environment. Similarly to TEM, cryogenic preparation of such samples has 

also been employed with some success17–19. Cryogenic sample handling relies on a sample fast-

freezing technique where amorphous water is maintained at the solid sample surface by rapidly 

freezing a hydrated sample. Thus, it is believed that the frozen sample prepared using this 

technique is structurally representative of the hydrated materials. Cryogenic preparation and 

vacuum analysis, such as XPS and TOF-SIMS, have been successfully utilised for measuring 

surface chemical compositions of a range of soft-matter samples, including polymer films20,21 and 

hydrogels 22, lipid bilayers 23 and microorganisms (e.g., fungi, bacteria and viruses).24 While 
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cryogenic vacuum analysis has been employed to investigate the hydrated layers on flat surfaces, 

there is lack of understanding in the chemistry of nanoparticle coatings in cryo-hydrated state.  

XPS is a highly surface sensitive, quantitative chemical analysis technique which has 

demonstrated efficacy in providing both compositional and structural information on 

nanoparticulate samples.25–30 Unlike conventional XPS, cryo-XPS enables measurement of the 

samples in a near-to-native state, therefore avoiding alteration to their structure due to the lack of 

stability in vacuum or during processes such as lyophilisation, or to the chemistry due to the 

introduction of preservatives.31 Cryo-XPS may therefore represent an avenue to obtain quantitative 

structural and chemical information on the coatings and surfaces of nanoparticles for medical 

applications. 

Here we apply for the first time cryo-XPS to analyse organic nanoparticles in a vitrified state, 

thus retaining a hydrated environment. Two nanoparticle systems are investigated: a poly-lactide-

co-glycolide (PEG-PLGA) drug carrier; and an LNP system for mRNA delivery. Polymeric and 

lipidic nanoparticles are among the most produced for drug delivery aims32–36, with lipid NPs being 

the most approved for clinical use37. We focus the work on the analysis of the particle coatings 

and show the potential of this method for the retention of the expected nanoparticle structure in 

suspension.  

 

METHODS 

POLYMERIC NANOPARTICLE PREPARATION AND CHARACTERISATION 

Poly(ethylene) glycol methyl ether-block-poly-D,L-lactide-co-glycolide (PEG-PLGA) 

nanoparticles were prepared following the single emulsion-solvent evaporation technique 

described elsewhere with slight modifications 38. Briefly, 40 mg of PEG-PLGA polymer (acquired 
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from Sigma Aldrich, St. Louis, MO, USA, containing PEG with a mean molecular weight (MW) 

of 2,000, and PLGA with a 50:50 lactide:glycolide ratio and a mean MW of 11,500) were dissolved 

in 3 mL of acetone (VWR Chemicals, Radnor, PA, USA). After polymer dissolution, this organic 

phase was slowly added to 5 mL of a 1 % (w/v) polyvinyl alcohol aqueous solution (MW 13,000 

– 23,000, 87-89 % hydrolysed), and submitted to probe sonication (VCX130, Sonics and 

Materials, 115 Newtown, CT, USA) for 1 min, at 70 % amplitude. At the end of the treatment, 15 

mL of a 0.1 % (w/v) PVA solution were then added to the resultant. The final emulsion was stirred 

overnight in open reservoirs at room temperature for acetone removal.  

Clofazimine-loaded PEG-PLGA nanoparticles were prepared likewise by dissolution of the 40 

mg of PEG-PLGA in 3 mL of solution containing 1.25 mg mL-1 of clofazimine (Sigma-Aldrich) 

prepared in acetone. 

The obtained nanoparticles were characterized regarding their particle size and polydispersity 

by dynamic light scattering (ZetaPALS Analyzer, Brookhaven Instrument Corps, Holtsville, 

NY,USA). Measurements were performed at 20 °C, using a light incidence angle of 90°, a 

wavelength of 660 nm, and a refractive index of 1.59. The fresh colloidal dispersions were diluted 

in ultrapure water (filtered once at 0.22 μm) up to a suitable concentration, and analysed in 

multiples runs (n = 6) 

Both placebo and loaded nanoparticles were submitted three times to a washing procedure in 

ultrapure water by centrifugation (18 000 ×g, 25 min, at 20 °C ), to remove elements present in the 

media that did not form particles (e.g. PVA, acetone, and free clofazimine in the case of loaded 

nanoparticles). After this washing procedure, the nanoparticles were freshly analysed by dynamic 

light scattering regarding their size and polydispersity. The purified nanoparticles and the 

supernatants from the washing procedure were analysed by HPLC (Jasco system, Jasco, Easton, 
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USA) for encapsulation efficiency and drug loading determinations. The washed particles were 

subsequently submitted to further purification by ultrafiltration, using Amicon® ultrafiltration 

devices (Merck Millipore, Darmstadt, Germany) of regenerated cellulose with a 50 kDa filter pore. 

For this, the washed particles were diluted 38 times in ultrapure water, inserted on the Amicon 

devices and centrifuged for 15 min, at 2100 ×g and at room temperature. Chemical structures of 

the components of the polymeric nanoparticles are provided in Figure S1 in the supporting 

information. 

 

LIPID NANOPARTICLE (LNP) FORMULATION AND CHARACTERISATION 

LNP formulations were prepared using the following protocol: Briefly, the ionizable cationic 

lipid D-Lin-MC3-DMA (MedChemExpress), the helper lipid distearoyl-sn-glycero-

phosphocholine, (18:0 PC, or DSPC, Avanti Polar Lipids), cholesterol (Sigma-Aldrich, Cat# 

C8667), the PEG lipid dimyristoyl-rac-glycero-methoxypolyethylene glycol (DMG-PEG2000, 

Avanti Polar Lipids) were dissolved in pure ethanol with a molar ratio of 50:10:38.5:1.5 and a total 

lipid concentration of 10 mM. Firefly luciferase (FLuc) mRNA from Trilink (TriLink 

BioTechnologies) was diluted in acetate buffer 25 mM (pH 4). The molar ratio of the amine groups 

on the ionizable lipid to the phosphate groups on mRNA (i.e., the N/P ratio) was kept at 5.  

The LNP was formulated using a T-junction (IDEX Health and Science) coupled by two syringe 

pumps (New Era Pump Systems). The lipid ethanol solution and the mRNA aqueous solution were 

injected into the T junction at a flow rate of 1 mL min-1 and 3 mL min-1, respectively. The collected 

LNP suspension was dialyzed against 1000-fold volume of phosphate-buffered saline (PBS) at pH 

7.4 (to remove ethanol and raise the pH to physiological pH) for 12 h with a molecular weight cut-

off (MWCO) of 10 kDa (Slide-A-Lyzer™ Dialysis Cassettes, ThermoFisher). The LNPs were 
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characterized immediately following dialysis for hydrodynamic radius and polydispersity index 

using a dynamic light scattering VASCO KIN (Cordouan Technologies, Pessac, France), mRNA 

concentration and lipid concentration using HPLC-mass spectrometry. 

Chemical structures of the components of the lipid nanoparticles are provided in Figure S2 in 

the supporting information. The RNA payload typically forms assemblies with the ionizable lipids 

via electrostatic interactions that are surrounded by stabilizing lipids such as cholesterol. The 

PEGylated lipids are expected to form an outer layer at the surface of the particle. 

 

CRYO-XPS INSTRUMENTATION 

XPS spectra were recorded using an Axis Ultra DLD electron spectrometer (Kratos Analytical 

Ltd., UK). A monochromated Al Kα x-ray source was used, operating at a beam current of 10 mA 

and voltage of 15 kV. Measurements were acquired in hybrid mode using a magnetic lens, with an 

analysis area of 300 µm x 700 µm. Charge neutralization was used for the measurements. Data 

were processed in Casa XPS version 2.3.22; spectra were corrected for energy-dependent 

instrumental-transmission using the NPL transmission function correction39, and the binding 

energy (BE) scale was referenced to the C 1s line of aliphatic carbon, set at 285.0 eV. Peak areas 

were quantified through application of a Tougaard background-subtraction and the use of NPL 

average-matrix relative-sensitivity factors40. For cryogenic measurements, a small (approx. 

< 7 µL) droplet of the sample suspension was fast frozen on a sample holder cooled to <-170 °C 

in the load-lock of the instrument, which was then immediately sealed and pumped to vacuum. 

Samples were then transported to the analysis stage, kept at <-150 °C, throughout the 

measurement. A detailed experimental protocol for the cryo-XPS is published elsewhere41. Dry 
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samples were prepared by drop-casting of the particles in suspension directly onto the sample 

holder at room temperature. 

 

RESULTS AND DISCUSSION 

XPS measurements were performed on both dry nanoparticle deposits (drop cast directly onto 

the sample holder at ambient temperature for the LNP system, and dried from frozen in-situ for 

the polymeric system), and cryogenically frozen nanoparticle suspensions for both the LNP and 

polymer systems. Survey spectra were acquired for all the samples (see Figures S3 and S4 in the 

supporting information) along with high-resolution spectra for core levels of interest. Carbon 1s 

spectra and associated fits are shown in Figure 1 and Figure 3 for the polymeric and LNP samples 

respectively. Both Figure 1 and Figure 3 show the results of the XPS measurements performed on 

the sample prepared in the cryogenic (left panels of figures) as well as the dry (right panels of the 

figures) states. Homogeneous-equivalent atomic concentrations for each sample, determined from 

survey spectra are reported in the supporting information, tables S1 to S4. The reported oxygen 

concentration includes a significant contribution from the water in which the particles are 

suspended, which cannot be reasonably separated from the oxygen within the particles themselves 

through peak fitting (Figure S7). While both systems consist of materials that may be sensitive to 

damage from the x-ray beam and secondary electrons, no significant changes were observed in 

relative peak intensities between the survey and high-resolution spectra acquisition, so it is likely 

that any damage occurs on a long enough timescale to be considered negligible. 

 

POLYMERIC NANOPARTICLES 
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For the polymeric particles, the carbon 1s spectra were fitted with components corresponding 

to: PLGA (with 50:50 glycolide:lactide ratio); PVA (poly-vinyl alcohol with a small proportion of 

acetate42); a single C-O peak for PEG; and the drug molecule. All peaks within the fit were 

constrained relative to other peaks from the same material in terms of binding energy, full width 

at half maximum, and area, based on their chemical structure and literature data42,43. The PEG peak 

was constrained to within reasonable deviation from the expected literature position, and intensity 

of the components related to the drug molecule were constrained based on the amount of nitrogen 

measured from the survey. 

 

 

 

Figure 1- Carbon 1s spectra for the polymeric particles, analysed by both cryo-XPS in a hydrated 

state, and room-temperature XPS dried onto the sample holder. Peak fits are based on the structure 

of the pure monomer materials. The drug component is constrained based on chemical structure 

of the drug, clofazimine, relative to the nitrogen signal from the survey spectra. 
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Based on the molar mass of the PEG-PLGA copolymer used, we can define three extreme cases 

for the particle structure and calculate an indicative ratio of PEG to PLGA that would be observed 

for each. These three cases are: 1) PEG entirely localised at the surface; 2) random orientation, i.e. 

PEG and PLGA forming an effectively homogeneous mix; and 3) PEG buried beneath the PLGA. 

It should be noted that PVA was added in the PEG-PLGA nanomedicine formulation as a free-

flowing surfactant to provide additional colloidal stability of the PEGylated particles. Therefore, 

it is expected that PVA remains on the surface in any of the aforementioned cases. Table 1 shows 

rough indicative ratios of PEG to PLGA signal based on a simple planar model for each case, 

alongside the observed ratio from the peak fits. Peak fits as a percentage of total carbon 1s signal 

are given in Table S5. A schematic representation of the models is given in Figure 2, however it 

should be noted that the true structure must contain a mix of PLGA and PEG within the core due 

to the size of the particles compared to the polymer chain lengths. 

 

Figure 2 - Schematic of the three considered cases for the polymer particles, from left to right: 

surface localised PEG; homogeneous mix of PEG/PLGA; buried PEG. 

Table 1 - PEG:PLGA equivalent homogeneous ratios for both dry and cryo XPS measurements of 

polymeric particles, alongside indicative values for the ratios of PEG to PLGA for surface localised 

PEG, buried PEG, and a homogeneous mix of the copolymer. 
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Component 
Observed 
Ratio 
(Dry) 

Observed 
Ratio 
(Cryo) 

Indicative 
Ratio 
(Surface 
PEG) 

Indicative Ratio 
(Homogeneous) 

Indicative Ratio 
(Buried PEG) 

PEG:PLGA 
equivalent 
homogeneous 
ratio 

No 
observed 
PEG 
signal 

0.24 3.0 0.21 0.04 

 

For the dry XPS measurements, as shown in Figure 1, a fully constrained fit to the data with no 

contribution from the PEG can be obtained, while for the cryo-XPS measurements, a PEG 

component is required to achieve a reasonable fit. In both cases, the PEG:PLGA ratio is much 

lower than the indicative value for surface-concentrated PEG. For the cryo-XPS fit the PEG:PLGA 

ratio lies very slightly above the indicative value for a homogeneous mix. The significant increase 

in the relative PEG signal for the cryo-XPS compared to the dry XPS measurements indicates a 

structural difference in which PEG is more surface localised under the hydrated conditions of cryo-

XPS. The PEG content in both fits is potentially underestimated due to overestimation of the PVA 

content. The PVA concentration in the fit is largely determined by the HC component and will be 

influenced by the presence of unaccounted-for hydrocarbon. If a variable hydrocarbon component 

is introduced into the fit, unique solutions cannot be found, because the PVA and PEG plus 

hydrocarbon components are highly correlated. 

Environment-induced surface rearrangement of polymer chains is not uncommon21,22,44,45 . The 

adopted arrangement of polymer chains on a surface is determined by the affinity between polymer 

chains and their local environment. Polymer chains tend to rearrange themselves (e.g., expansion, 

collapsing and sometimes migrating to underlayers) to achieve the lowest surface free energy when 

transferred between an aqueous, hydrated environment and a dry condition. While the surface 

rearrangement of polymers on flat surfaces has been studied by several groups,44,46 the hydrated 
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surface chemistry and structure of heterogeneous polymer nanoparticles has, to our knowledge, 

not previously been directly investigated. The differences we observe between the dry and cryo-

XPS results indicate that while the drying process likely causes rearrangement of the nanoparticle 

structure, cryo-XPS measurements allow the hydrated structure to be clarified.  

 

 

LIPID NANOPARTICLES 

Fitting of the carbon 1s spectra for the lipid nanoparticles needs to account for identical chemical 

environments arising from multiple possible sources. Peaks were assigned as generic carbon 

moieties – C-C at 285.0 eV, C-O in the range 286.7-287.0 eV, and O=C-O at ~289.0 eV, alongside 

the characteristic PEG C-O species at 286.4- 286.7 eV, which can arise only from the DMG-PEG 

within the particle, and the C-N+ species at ~286.2 eV, which arises only from the DSPC 

component43. The peak fits are shown in Figure 3. 
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Figure 3 - Carbon 1s spectra for the lipid particles, analysed by both cryo-XPS in a hydrated state, 

and room-temperature XPS dried onto the sample holder. The CN+ component is constrained based 

on nitrogen signal from the survey spectra, to within 10% of the expected intensity. 

 

The molar concentration of PEG within the lipid particles is less than 1.5 %. Therefore the 

observation of significant intensity attributed to PEG in the cryo-XPS carbon 1s spectrum is 

notable. This indicates that the PEG is either located at the surface of the particle, or was in 

solution. From the PEG C-O and DSPC C-N+ peaks, we can model possible structures for the 

particle surface, and the intensities of the other peaks corresponding to DSPC and DMG-PEG can 

be estimated. Two such models are considered: a homogeneous model in which the intensity ratio 

of the peaks corresponding to each species is equivalent to the chemical formula; and an oriented 

model, in which the molecules are oriented with the PEG and C-N+ towards the surface for the 

DMG-PEG and DSPC respectively. In the oriented model, the contribution to the signal from 
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components other than the DMG-PEG and DSPC are negligible due to attenuation through these 

outer layers. When comparing the modelled data to that observed from experiment, the greatest 

deviation is seen in the concentration of the C-C peak. A comparison of the expected C-C intensity 

for each model, compared to the observed values, is shown in Figure 2. 

 

Figure 4 - Intensity of C-C peak as a percentage of the C 1s fit compared to expected values for 

homogeneous and oriented models. Error bars are based on an estimated 10% uncertainty in peak 

fitting. 

 

For the cryo-XPS results, when accounting for all the C 1s signal which can reasonably be 

associated with the DSPC and DMG-PEG, significantly less C-C intensity is observed compared 

to the expected homogeneous-equivalent composition. There is still a slight deficit in C-C 

compared even to the oriented model, but this indicates that the cryo-XPS results are considerably 

closer to the oriented model than the homogeneous model, which would predict an even greater 
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C-C intensity. Modelled values also assume the PEG is in a 'mushroom' conformation47 – deviation 

from this conformation towards an extended 'brush' conformation may cause the slight deficiencies 

in species, as greater attenuation of the non-PEG signal will occur. The peak intensities as a 

percentage of the total C 1s signal, alongside the model values, are given in the supporting 

information. 

Due to the size of these molecules, in the oriented case the signal from any material underneath 

the surface layer will be almost negligible due to electron attenuation through the overlayer. This 

allows for the relative concentration of the PEG to be interpreted as an approximate estimate of 

the fraction exposed at the particle surface, from which the PEG coverage can be inferred. 

 

Based on the deviation between the model intensity ratios and those observed from the C 1s fit 

as shown in Figure 2,  the sample is closest to the oriented case when measured under cryogenic 

conditions. This would indicate approximately 60% coverage of the LNP surface with PEG. 

Although it cannot be ruled out that the additional PEG signal in the cryo-XPS results may contain 

a contribution from free PEG in solution, this should cause the relative proportions of C 1s signal 

arising from the PEG to be closer to the homogeneous model, which is not observed.  

In the dry state, neither model provides results comparable to the experimental data, with the 

observed CC concentration beyond what would be expected from the homogeneous model. The 

remaining excess CC likely arises from the other lipids within the particles, which are not separable 

within the fit due to the lack of unique chemical species.  

 

CONCLUSIONS 
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Here we have demonstrated that cryo-XPS has the ability to localise, identify and quantify the 

surface chemistry of two drug-delivery systems, namely polymeric nanoparticles and LNPs. To 

the best of our knowledge, this is the first time that cryo-XPS has been used to measure medically 

relevant organic nanoparticles. Significant differences in the surface carbon chemical 

environments were observed between the frozen hydrated samples and the room temperature, dry 

samples. The results for the cryo-XPS analysis are consistent with the expected structure of the 

system in situ, and which may be used to quantify features such as amount and/or completeness of 

a PEG coating. Cryo-XPS thus shows significant potential for providing quantitative surface 

chemical analysis for organic nanomedicines, which might otherwise be unsuited for analysis 

under vacuum. Direct quantification of oxygen content remains a limitation for this method, 

however, due to the significant contribution from the aqueous environment which may not be 

straightforward to distinguish from oxygen present in the sample. In comparison to other cryogenic 

techniques used for nanomedicine analysis, such as cryo-TEM and cryo-SIMS, cryo-XPS remains 

at an early stage of development; further work is required in order to develop the underpinning 

metrology, such as operating procedures, documentary standards, and reference materials. 
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