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ABSTRACT 

The interaction of proteins with surfaces can involve both protein binding and unfolding and has 

been investigated since the 1960s. Proteins in solution can adsorb onto and denature at both solid–

liquid and gas–liquid interfaces, and the spontaneous adsorption of proteins on a nanoparticle (NP) 

surface to form a corona can be described as a specific case of adsorption at the solid-liquid 

interface, where the surface curvature also becomes important.  While nanoparticles offer a large 

surface area, they are not the only surface in the sample that the proteins interact with due to the 

creation of other interfaces in an experimental setup. In this work, we examine the role of the air–

water interface on protein denaturation in soft corona studies with citrate-capped gold 

nanoparticles. Chymotrypsin protein in the soft corona was observed to exhibit an inverse 
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relationship between concentration and denaturation, an air-water interface mediated trend which, 

without the right control experiments, can be misinterpreted to be caused by protein-NP 

interactions. We show that any protein denaturation observed comes from the synergistic effect of 

the air-water interface and agitation, and that NPs did not denature chymotrypsin in the “soft 

corona” in the absence of these two factors.  While the propensity to adsorb and denature at 

hydrophobic interfaces varies among proteins with different structural properties, it is important 

to use simplified procedures that minimize interfacial areas other than the nanoparticle surface in 

corona studies to prevent misattribution of observed effects. 

 

INTRODUCTION 

   The spontaneous adsorption of proteins onto a solid surface is a fundamental process that plays 

a key role in applications of nanomaterials in the biomedical field.1,2 Interaction forces between 

the surface, the proteins, the solvent, small molecules, and any ions present in solution can guide 

the mechanism of adsorption and desorption of the protein to the surface. Protein-protein and 

protein-nanoparticle interaction forces can range from disulfide bridging, electrostatic interactions, 

and hydrogen bonds, to van der Waals interactions, and hydrophobic interactions.3,4  The process 

of protein folding which results in the formation of a functional three-dimensional structure from 

polypeptide chains, involves formation of several weak interactions, and has been described as a 

diffusional search on a free energy surface.  Energy barriers to protein folding can be on the order 

of thermal energy (kBT).5,6 In vitro folding experiments have indeed shown that many cytosolic 

globular proteins possess relatively low folding equilibrium constants — meaning they frequently 
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unfold and refold throughout their life cycle, with shifts in equilibrium driven by perturbations in 

solvation environment, for example — and this conformational flexibility is a characteristic that 

helps proteins carry out their function.7,8 Kinetic and thermodynamic investigations have 

consistently suggested that substantial structural alterations can take place when a protein adsorbs 

onto a surface. This can lead to unwanted biological side effects, such as a loss of activity due to 

protein conformational changes. 9–15 

  Protein binding to nanoparticle surfaces is often described as a “corona” on the surface, an 

equilibrium phenomenon regulated by on and off rate constants. Proteins binding with higher 

affinity, directly on the nanoparticle surface, and having longer residence time on it are considered 

to be the “hard” corona, and the less tightly bound proteins, interacting mostly by weak protein-

protein interactions, with faster exchange rates in the corona are referred to as the “soft” corona.16–

19 A majority of experimental investigations on nanoparticle protein coronas focus on identifying 

the types and quantities of proteins comprising the corona through a multi-step process of 

separating  NPs from biofluid. This involves incubating NPs with a biofluid such as blood serum 

or cell lysate for corona formation, then separating unbound proteins from the NPs, typically 

through techniques like centrifugation or magnetic retrieval followed by washing.20 During this 

workflow, only proteins with strong binding affinity, characterized by low dissociation rates, will 

remain bound to the NPs during the separation step, while those with weak binding affinity are 

generally lost. Thus, studies on protein conformational changes upon adsorption to a NP surface 

in the literature primarily pertain to hard corona proteins. 21–23Adsorption of proteins on the NP 
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surface and subsequent changes to their structure have been shown to depend on the proteins’ 

native fold, stability, and isoelectric point,24 as well as the NP surface charge and curvature.25 26 

    Due to their dynamic nature, soft corona proteins cannot be isolated in the same manner as the 

hard corona, and their behavior is typically studied using in situ methodologies.18 Devineau and 

co-workers used cryo TEM and synchrotron-radiation circular dichroism techniques to 

demonstrate that hemoglobin has the capacity to develop either a hard or soft corona around silica 

NPs, contingent upon the pH conditions.26 Another investigation utilizing in situ click chemistry 

also showed that the proteins in the hard and soft coronas could be the same species, coexisting 

spatially but varying in their residence time, influenced by factors such as their abundance, affinity 

for the NP surface, and local density. 27 Hence, the distinction between the hard and soft coronas 

do not represent two entirely separate layers of proteins formed through sequential deposition, as 

was initially believed; rather, the corona progresses from harder to softer with distance from the 

nanoparticle.  In situ analysis of the corona on liposomes formed by incubation with plasma 

suggested that soft corona contributed to the stealth properties of the liposome, thus modulating 

its biological identity.28  Weakly interacting proteins on silica and polystyrene NPs were also 

found to influence nanoparticle-cell association.27   

  A recent work published by Riley et al. discussed a rare case in the protein corona literature of 

ex situ soft corona protein conformation, where proteins recovered in the NP-free supernatant by 

centrifugation is referred to as the soft corona.29 This work reported that commercially purchased 

bovine alpha chymotrypsin (ChT) formed weak interactions with citrate stabilized gold 
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nanoparticles (AuNPs), and when these “soft corona” proteins were separated from the NPs, they 

remained denatured. A low protein: NP ratio in solution and long incubation time lead to more 

protein denaturation. ChT has been in the past reported to denature in the hard corona of anionic 

AuNPs, 30 and the extent of denaturation was reported to increase with time of incubation of 

protein and NPs. If it is generally the case that proteins become denatured “permanently” after 

transiently binding to NPs, even when desorbed from the NP surface, then the implications for the 

use of NPs in biomedicine are vast and concerning: denaturation can cause familiar globular 

proteins to lose their function and perhaps aggregate into amyloid species.31–34 

      In most experimental setups, however, interfaces like an air-solvent interface (resulting from 

a tube with an airhead, bubble formation, etc.) and/or solid-solvent interface (in contact with 

container walls) exist where proteins can potentially adsorb and undergo conformational changes. 

Protein adsorption at interfaces is a well-known challenge in biopharmaceuticals, as therapeutic 

protein molecules may encounter a variety of interfaces during their manufacturing, transportation, 

and storage. Agitation-induced exposure to the air–water interface can lead to protein aggregation. 

35–37 The mechanism of protein aggregation in this case can be explained using contraction-

expansion cycles of the air-water interface as follows. 38 Agitation leads to cyclic changes in the 

air-water interfacial area—expansion promotes protein adsorption and enrichment at the interface, 

while contraction expels accumulated aggregates. This repeated regeneration of the interface 

during compression and dilation cycles causes progressive and cumulative protein damage.  The 

aggregation of therapeutic antibodies at air–water interfaces has been investigated using 

techniques such as microbubble aeration and interfacial shear rheology. 39,40 To mitigate these 
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interfacial effects, antibody formulations often include additives like surfactants, which can help 

reduce protein aggregation.41,42 

  In nanoparticle-protein studies investigating protein structural changes induced by the NP, the 

role of other interfaces is rarely discussed. We hypothesize that this oversight could lead to 

erroneous conclusions about the impact of NPs on protein denaturation in the corona. In this work, 

we analyze soft corona proteins following their interaction with citrate-capped AuNPs using two 

model proteins—chymotrypsin and bovine serum albumin—and aim to distinguish the 

contributions of non-nanoparticle interfaces (air–solvent and container wall–solvent) from those 

of the nanoparticle–solvent interface in protein denaturation. 

EXPERIMENTAL SECTION 

Reagents 

Tetrachloroauric (II) acid trihydrate (HAuCl4•3H2O), hydroquinone, a-chymotrypsin from bovine 

pancrease, bovine serum albumin, sodium phosphate dibasic heptahydrate (Na2HPO4•7H2O), 

sodium phosphate monobasic monohydrate (NaH2PO4•H2O), trisodium citrate dihydrate 

(Na3C6H5O7•2H2O) were purchased from Sigma-Aldrich. Low protein binding polypropylene 

tubes and low protein binding plastic pipette tips were purchased from Eppendorf. Teflon tubes 

were purchased from ThermoFisher Scientific.  

Preparation of protein aliquots 

The a-chymotrypsin stock (2000 µg/mL) and bovine serum albumin stock (3000 µg/mL) were 

prepared by dissolving as-purchased lyophilized powder in 10 mM sodium phosphate buffer (pH 

7.5). The solution was syringe filtered using a 0.22-micron filter and aliquoted into 100-500 µL 
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volumes in 1.5 mL polypropylene microcentrifuge tubes. The aliquots were flash frozen using 

liquid nitrogen and stored at – 80 ℃. 43,44 Aliquots were freshly thawed before using on the same 

day and did not undergo multiple freeze-thaw cycles. Protein solutions were characterized using 

MALDI mass spectrometry, circular dichroism, and fluorescence spectroscopy. Each new batch 

of ChT protein purchased from Sigma-Aldrich was characterized before use. BSA from a single 

bottle purchased from Sigma-Aldrich was used for all experiments. 

Synthesis and characterization of 60-nm and 40-nm citrate-stabilized AuNPs  

Citrate-capped AuNPs were synthesized using a previously reported method. 45 Gold seeds were 

synthesized by bringing a mixture of 500 µL of 1% w/v HAuCl4•3H2O and 50 mL of Nanopure 

H2O to a boil while stirring, followed by addition of 1500 µL of trisodium citrate dihydrate (1% 

w/v). The solution was removed from the heat and stir plate after ~ 10 minutes when the color of 

solution changed from golden to red. The seeds were then used to prepare the growth solution for 

60-nm spheres. In a 500 mL Erlenmeyer flask, 4.5 mL of gold seeds was introduced to a stirring 

mixture of 2.5 mL of HAuCl4•3H2O (1% w/v) and 240 mL of Nanopure H2O at room temperature. 

Then, 550 µL of trisodium citrate dihydrate (1% w/v) and 2.5 mL of hydroquinone (0.03 M) were 

added to the solution one after the other quickly. The solution was allowed to stir for 1 hour before 

centrifugation to purify (600g for 30 mins) and was then resuspended in water. To synthesize the 

40-nm spheres, a similar procedure was followed and ratio of ingredients in the growth solution 

changed to increase the volume of seeds added. 10 mL of seed solution were added to a mixture 

of 234.45 mL of H2O and 2.5 mL of HAuCl4•3H2O (1% w/v). Then 550 µL of trisodium citrate 

dihydrate (1% w/v) and 2.5 mL of hydroquinone (0.03 M) were quickly pipetted into the solution. 
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The solution was allowed to stir for 1 hour before centrifugation to purify (7000g for 20 mins). 

The concentrated NP pellet was then resuspended in water. Extinction spectra was collected using 

an Agilent Technology Cary 5000 UV-vis-NIR spectrometer to determine concentration of 

particles in the stock solution. Hydrodynamic light scattering and ζ-potential of the NPs were 

measured using a Malvern Zetasizer Nano ZS. Transmission electron microscopy (TEM) 

micrographs of the NPs in water were obtained by drop-casting onto a copper grid with carbon 

type-B 300 mesh (01813-F, Ted Pella) before imaging on JEOL 2100 TEM operated at 200 keV.  

Dynamic light scattering (DLS) titrations of protein with AuNPs  

Titration curve samples were prepared in 10 mM sodium phosphate buffer, pH 7.5 for ChT and in 

Nanopure H2O, pH 6.0 for BSA. Each titration point sample was prepared in a separate 

microcentrifuge tube. 4 measurements per sample were taken after 1 hour of incubation (still 

sample) at room temperature on a Malvern Zetasizer Nano ZS instrument in disposable cuvettes.  

Incubation of NP and protein for soft corona studies 

  After a 1.1 mL protein+NP solution was incubated for 24 h in a 1.5 mL volume tube (low protein 

binding microcentrifuge tube), the solutions were centrifuged at 13000g for 10 mins and the top 

900 µL of supernatant was retrieved to collect “soft corona” sample. Protein + NP samples in a 

low protein binding polypropylene tube were laid sideways to agitate gently on an orbital shaker 

set to 100 rpm unless otherwise noted.  Since we pulled down all NPs using centrifugation, the 

AuNPs should cause no interference with the fluorescence or circular dichroism (CD) spectra of 

the supernatant. 

Circular dichroism and fluorescence spectroscopy of proteins 
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Fluorescence measurements were conducted on an FP8300 spectrofluorometer equipped with 

Peltier temperature control S-2 (JASCO) and QuantaMaster 400 scanning spectrofluorometer. 

Tryptophan and tyrosine residues were excited at 280 nm, and emission spectra were collected 

from 290 to 450 nm. Spectra were measured in 200 μL quartz cuvettes. Circular dichroism was 

measured using a J-715 spectropolarimeter with Peltier temperature control (JASCO). Unless 

otherwise noted, all spectra were recorded from 260 to 190 nm averaging over ten accumulations 

in a 1 or 2 mm pathlength quartz cuvette. Thermal melts were done using a 2 mm path length 

cuvette. CD spectra of samples at protein concentrations ≤ 20 μg/mL were measured on a Jasco 

J-1500 spectrophotometer using a 1 cm pathlength quartz cuvette.  Cuvettes were cleaned with 

milliQ water or dilute soap solution between samples. The photomultiplier voltage was maintained 

between 300-700 V for measurements. Secondary structure estimation from spectra was conducted 

using BeStSel software after baseline subtraction.46 

Bicinchoninic Acid (BCA) assay for protein quantification 

A set of protein + NP samples at the same concentrations used for the DLS titrations was prepared, 

along with control samples that had the same concentration of protein but no NPs in them. All 

samples were incubated at room temperature for 24 h. Both set of samples were centrifuged at 

13000g for 5 mins and the NP-free supernatant was used for the BCA assay.  The concentration 

of protein added was calculated as the difference of protein in a solution without NPs and the 

protein left in the supernatant after centrifugation in the samples containing NPs.  A SpectraMax 

M2 plate reader (Molecular Devices) was used to read absorbance at 562 nm of 96-well plates. 

Low protein binding plastic tubes and pipette tips were used during the experiment. 
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RESULTS AND DISCUSSION 

Circular dichroism and intrinsic fluorescence measurements of chymotrypsin  

 

Figure 1. ChT protein structure, CD and fluorescence spectra. (a) Structure of alpha-
chymotrypsin (PDB file 3BG4) rendered using Chimera. Helices are shown in purple, strands in 
red and coils in gray. Tryptophan residues are shown in yellow, and tyrosine residues in green. (b) 
CD spectra of native (blue) and thermally denatured (red) ChT. Denatured ChT was incubated in 

Dlmax

Native: 40 min, 7 h, 25 h
Denatured: 40 min, 7 h, 25 h

ChT, native
ChT, denatured

a

b

c
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a 60 ℃ water bath for 1 h.  Spectrum of native ChT has been normalized to data point at 220 nm 
of denatured ChT spectrum. (c) Normalized emission from protein excited at 280 nm before (blue) 
and after (red) thermal denaturation. Time points in (c) denote time of incubation at RT post 
incubation in hot water bath for denaturation. Samples were cooled down to 20 °C for spectral 
measurement. 

 

  Chymotrypsin has 8 tryptophan residues and 4 tyrosine residues in the monomer protein (Fig. 

1a). The protein has 245 amino acids with a mass of 25.7 kDa, and a net positive charge at pH 7.4. 

Reported hydrodynamic radius of a 0.5 mg/mL ChT solution is 2.27 nm.47 Due to the presence of 

multiple aromatic amino acid residues, the protein has a strong absorbance peak at 280 nm and the 

intrinsic Trp/Tyr fluorescence can be monitored to analyze changes in structure of the protein as 

the emission intensity and wavelength (change in quantum yield and fluorescence lifetime) is very 

sensitive to the microenvironment of the residues.48,49   Changes in the secondary structure of the 

protein can be monitored using circular dichroism. 

 

 Heating is one of the easiest methods to denature a protein without introducing a new denaturant 

molecule into solution that can potentially interfere with different analytical techniques used to 

characterize protein-NP interaction as well as subsequent denaturation of the protein. We heated 

the protein solution at 60 ℃ for 1 h and found that ChT can be irreversibly denatured at this 

condition (Fig. 1). Upon thermal denaturation, the CD spectrum of ChT protein shows significant 

differences; the peak at 230 nm disappears, and the peak around 205 nm blue shifts. The spectrum 

of denatured protein looks similar to that of a random coil CD spectrum (Fig. 1b, S1a). When the 

intrinsic tryptophan fluorescence emission of chymotrypsin is measured as temperature is varied 

from 10 to 95 ℃, there is a decrease in emission intensity and a red shift of ~ 30 nm in the peak 

maximum wavelength when excited at 280 nm, moving from 328 nm at low temperature to 360 
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nm at high temperature (Fig. 1c, S1b). A red shift and decrease in intensity correspond to the 

aromatic residues (primarily Trp) being in a more polar environment as the protein unfolds and 

the buried residues are exposed to the aqueous solvent.50,51  

 

Chymotrypsin denaturation in the soft corona of citrate-capped AuNPs 

Soft corona studies were performed using 0.025 nM 60-nm (diameter) citrate-capped AuNPs 

synthesized as described in the Experimental Section (see Fig. S2 for TEM images of the NPs). 

ChT protein was added at increasing amounts to the as-synthesized AuNPs to obtain a DLS 

titration curve. NPs alone in sodium phosphate buffer were colloidally stable and showed no 

visible aggregation. The DLS titration showed apparent protein saturation at dilute concentrations 

of ChT as shown in Fig. 2a.  The hydrodynamic nanoparticle diameter increased with the addition 

of protein initially and then leveled off around 20 µg/mL of ChT for 0.025 nM NPs. The Langmuir 

adsorption isotherm fit well to the DLS data (Fig. 2a) indicating that adsorbed protein may be 

forming a monolayer with a Ka for adsorption (1.95 ± 0.65) ´ 107 M-1 (error is the standard deviation 

from Ka of the 3 titration sets). The polydispersity index during DLS measurements remained low 

across the different samples, confirming that the increase in diameter does not come from 

nanoparticle aggregation.  

We also monitored the adsorption of ChT to the NPs using UV-Vis spectroscopy. There is no new 

peak or increased scattering at the longer wavelengths in the extinction spectra which indicate 

absence of aggregation of NPs in solution (Fig. 2b). As the protein is titrated into a solution of 

0.025 nM NPs in buffer, the localized surface plasmon resonance (LSPR) peak of the AuNPs show 
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a slight red shift of 3 nm (Fig. 2c). The adsorption of protein on the NP surface changes the local 

refractive index which leads to this red shift in the LSPR peak.52,53  

To determine whether the proteins do indeed form a hard corona on the NP surface, DLS samples 

were centrifuged to pull down all the nanoparticles and the proteins that are tightly bound to the 

surface. The clear supernatant was removed to get rid of any loosely bound excess protein in 

solution, and the pellet redispersed in a volume of buffer equal to what was removed. After the 

first wash, the hydrodynamic diameter for the samples at higher protein concentrations did not 

significantly change (Fig. S3a). This result indicated that the proteins likely form a strongly-bound 

layer (hard corona) on the NP surface. Next, we determined the actual concentration of ChT protein 

bound to the NP surface using a BCA assay in a 96-well plate (see Experimental Section for 

details). We prepared a standard curve for absorbance values using known concentrations of 

chymotrypsin (Fig. S3b), to measure the unknown concentration of chymotrypsin adsorbed on the 

NPs. The average protein concentration bound to 0.025 nM NPs was 3.4 ± 0.6 µg/mL. This 

corresponds to an average of 5280 ± 932 proteins/NP. It is plausible that the pull-down process of 

NP+hard corona could trap some of the free proteins from solution in the pellet during 

centrifugation, so the proteins/NP number could be overestimated. 
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Figure 2. ChT corona formation on 60-nm AuNPs. (a) DLS titration curves from incubating 
increasing amounts of protein with 0.025 nM NPs in 10 mM sodium phosphate buffer at pH 7.5. 
Titration was performed thrice, and error bar on each point is the standard deviation from triplicate 
measurement of a sample. DLS data was fitted using the equation ΔD/ΔDmax = Ka ×	[protein]/ 1 + 
Ka ×	[protein], R2 = 0.97- 0.99 between the three replicates. (b) UV-Vis spectra of the NP+protein 

0 µg/mL
0.6 µg/mL
1.2 µg/mL
3 µg/mL
9 µg/mL
18 µg/mL
36 µg/mL
45 µg/mL
99 µg/mL

534 nm 537 nm

a

b

c
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samples used in (a). (c) Zoomed in image of the UV-Vis spectra in (b) showing the red shift in 
LSPR peak of the NPs as proteins coat the NP surface at increasing concentrations.  

 

 

 

Figure 3. Soft corona studies of ChT + 60-nm AuNPs. (a) Schematic representation of 
experimental flow for soft corona studies. (b) Normalized Trp/Tyr emission spectra collected from 
NP-free supernatant after the indicated concentration of ChT was incubated with 0.025 nM 60-nm 
AuNPs for 24 h on orbital shaker (100 rpm) in a low protein binding plastic microcentrifuge tube. 
(c) CD spectra in 10 mM sodium phosphate buffer measured in 1 cm pathlength quartz cuvette. 
Baseline with buffer alone has been subtracted. Native ChT (pink) and thermally denatured ChT 
(grey) spectra are shown for reference. Illustration created with the help of BioRender. 
Unnikrishnan, M. (2025) https://BioRender.com/q59t118. 

 

Thus, to generate a soft corona, protein +NP samples at ChT concentrations >3.4	 µg/mL were left 

to gently shake at room temperature for a day followed by characterization of the supernatant (the 

easily removed “soft corona”) using the workflow as depicted in Fig. 3a. We observed that there 

10 µg/ml ChT exposed to AuNP
20 µg/ml ChT
20 µg/ml denatured ChT

Protein 
+ NP

Incubate for 24 h with agitation

Centrifugation

NP + hard corona

NP-free supernatant 
collected

Soft corona 
proteins analyzed

9 µg/mL
18 µg/mL
36 µg/mL
45 µg/mL
99 µg/mL

10 µg/mL ChT exposed to AuNP
20 µg/mL ChT
20 µg/mL thermally denatured ChT

a

b c
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is a significant red shift in the lmax of protein emission (Fig. 3b) in the samples with lowest 

concentrations of ChT; this result implies that small amounts of protein remain denatured after 

exposure to the NPs.  As the amount of excess ChT in solution increases beyond what is required 

for hard corona formation on the NPs, the peak of the emission spectra continues to blue-shift until 

the lmax of emission matches that of free protein solution that has not been exposed to NPs. This 

result was also reported by Riley et al. in their study on 60-nm citrate-capped AuNPs and 

chymotrypsin, where the red shift in tryptophan emission was attributed to protein denaturation.29 

To further verify denaturation results, the CD spectrum of NP-exposed soft corona proteins (Fig. 

3c) was collected after 24 h incubation with gentle shaking at room temperature. It is evident from 

the CD data that the spectrum for this sample is similar to that of denatured ChT (random coil-

like). 

    To check if a NP with same surface chemistry, but smaller size (higher surface curvature) could 

yield similar effects in denaturing ChT, 40-nm citrate-capped AuNPs were synthesized (diameter 

= 39 ± 8 nm, see Fig. S2c for TEM) as described in the Experimental Section. DLS titrations were 

performed to infer ChT corona formation on these NPs (Fig. S4a), followed by measurement of 

fluorescence spectra of NP-free soft corona proteins using the same workflow as the 60-nm 

AuNPs. A red shift in the  lmax of protein emission was observed only in samples with lowest 

protein:NP ratio, and at higher ChT concentrations, the spectra matched with that of control 

samples kept still at RT for 24 h (Fig. S4b). Further, to verify whether the mechanism of ChT 

protein denaturation at low protein:NP ratios is from NPs actually denaturing proteins in the soft 

corona, or because NPs selectively adsorb a subpopulation of properly folded proteins in solution 

(assuming the stock solution has a small percentage of misfolded proteins in the mix to begin 
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with), we tested the binding affinity of chymotrypsin protein to AuNPs in the native versus 

denatured form. From DLS titration of thermally denatured chymotrypsin (ChT*) against 0.1 nM 

40-nm AuNP (Fig. S4c), it was observed that although the maximum increase in hydrodynamic 

diameter is lower for ChT*, which can be rationalized due to change in orientation of protein 

adsorbed on NP surface before and after unfolding, Ka was on the same order of magnitude for 

native (Ka = (2.25 ± 0.25) ´ 107 M-1) and denatured (Ka = (1.25 ± 0.25) ´ 107 M-1) ChT. 

 

Effect of incubation conditions on chymotrypsin denaturation 

The time of incubation is an important factor in observing permanent protein denaturation as 

reported by Riley et al.,29 and by Rotello and co-workers for hard corona denaturation of ChT by 

anionic AuNPs.30 Hence, longer incubation times would be required to capture changes in protein 

conformation from transient interactions with the nanoparticles. We tested how the Dlmax of protein 

emission from the aromatic residues changes between a control and an NP- exposed chymotrypsin 

sample. Identical protein+NP samples was prepared by incubating 24 replicates of AuNPs with 10 

µg/mL ChT (the concentration at which a significant red shift in protein emission post 24 h 

incubation was observed from prior experiments). At 1-hour intervals, one replicate was taken out 

of the shaker, and the tryptophan emission of soft corona proteins was measured by excitation at 

280 nm, for 24 h. For each protein+NP sample prepared, a control sample which had only 10 

µg/mL ChT and no NPs was processed the same way. From Fig. 4a, it is observed that the Dlmax of 

soft corona proteins increases with increasing incubation time for proteins exposed to the NPs 

(black points), but surprisingly, the control samples show a similar trend (green points). To cross-

check the results from tryptophan emission, CD spectra of both NP-exposed soft corona proteins 
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and the control sample with only protein after 24 h incubation with gentle shaking at RT was 

collected.  CD spectra for both samples after 24 h incubation resembled the spectrum of denatured 

ChT (Fig. S4d). 

 

 

Figure 4. Denaturation of ChT in samples without NPs. (a) lmax from Trp/Tyr emission of soft 
corona proteins exposed to NPs for different incubation times. In ‘ChT+ NP’ sample, 0.1 nM 40-
nm citrate-capped AuNPs were incubated with 10 µg/mL ChT in a 1.5 mL microcentrifuge tube 
for different duration of incubation in buffer. The ‘ChT’ sample had only 10 µg/mL ChT in a 
microcentrifuge tube for the same duration of incubation. Total volume of solution was 500 µL. 
(b) Change in lmax of emission from fluorescence spectra of ChT incubated at 3 different 
concentrations as a function of different incubation times. Error bars are standard deviations from 
three sample replicates per data point. Solution filled to 1 mL in a 1.5 mL volume low protein 
binding plastic microcentrifuge tube. All samples were in 10 mM sodium phosphate buffer, pH 
7.5 and excited at 280 nm. All incubation was done at RT on an orbital shaker set to 100 rpm. 

 

Why do proteins in control samples (without NPs) denature, on their own, with increasing 

incubation time? We systematically tested the effect of (a) temperature of incubation, (b) agitation 

conditions during incubation, (c) material of incubation vessel, and (d) concentration of protein in 

microcentrifuge tube during incubation. First, proteins were incubated at 3 different temperatures 

a
10 µg/mL ChT
20 µg/mL ChT
100 µg/mL ChT

b
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(20℃, 25℃ and 28℃), at different of agitation speeds on a shaker during incubation steps (0, 100 

and 200 rpm). ChT at 10, 20 and 50 µg/mL ChT protein concentrations made up to 1 mL sample 

volume were incubated for 24 h in polypropylene microcentrifuge tubes, followed by 

centrifugation at 13000g for 5 mins, and then emission was measured. A red shift in lmax was used 

to determine if the protein has been denatured and to what extent denaturation has occurred. The 

key takeaways from these experiments using ChT protein can be summarized as follows: (i) 

proteins did not denature significantly at any of the tested temperatures if they were incubated 

without shaking, (ii) protein denatured even at the lowest used temperature of 20℃ if it was 

agitated vigorously (200 rpm) during the incubation step, although gentler shaking at 100 rpm also 

caused protein denaturation, (iii) at conditions where protein denaturation is observed, the effect 

is less significant when protein concentration is increased to 50 µg/mL (Fig. S5).  

   There is an observed difference in extent of protein denaturation at low versus high 

concentrations, which indicates there might be a surface effect at play here in addition to the effect 

of agitation. Bulk mediated denaturation should be higher at higher protein concentrations as rate 

of protein unfolding can increase with concentration due to protein-protein interactions.36Apart 

from the solid-liquid interface at the surface of the NPs in aqueous buffer, there is also the solid-

liquid interface at the walls of the container and an air-liquid interface because the sample vial has 

not been filled all the way to the top during incubation. Proteins can adsorb at these interfaces 

3,54,55 in addition to adsorbing on the NP surfaces, contribution from which we next investigated. 

Low protein binding plastic microcentrifuge tubes were used for these experiments 

(polypropylene), thus the walls of the containers are hydrophobic. Proteins are known to adsorb 

on to and denature at hydrophobic surface, 4,15 hence we hypothesized that low amounts of protein 
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might be coating the surface of the tubes due to which the hydrophobic material might be 

irreversibly denaturing the proteins. ChT has been reported to show a higher affinity for 

hydrophobic Teflon surfaces than for hydrophilic silica surfaces.1 At higher protein 

concentrations, there could be excess protein that has not coated the walls of the microcentrifuge 

tube which might be providing the major contribution to the Trp/Tyr emission and CD spectra.  

      To test this hypothesis, we first took a closer look at the denaturation of ChT in plastic tubes 

as a function of both protein concentration and time of incubation (Fig. 4b). We observed that Dlmax 

of emission of ChT solution at 10 µg/mL > 20 µg/mL > 100 µg/mL over a 24 h period. The large 

error bar for some points comes from the experimental setup (see Fig. 5 for setup), where tubes 

might end up not experiencing the same force due to their orientation and sample crowding on the 

weighing boat, which in turn can alter the rate of protein denaturation. Next, we tested the effect 

of different container materials (hydrophobic vs. hydrophilic) on protein denaturation by 

performing incubation (with agitation) in containers made of polypropylene, Teflon, polystyrene 

and glass. We observed that chymotrypsin denatured in all 4 different containers (Fig. S6), which 

then shifted our focus to the air-water (A-W) interface.  

            To test the roles of shaking and A-W interface on ChT denaturation, we set up a 10 µg/mL 

solution of ChT to incubate in either a plastic or glass container, at different orientations and speed 

of orbital shaking so that solution flows differently inside the container under two different 

agitation conditions (see Fig. 5 b,c and Fig. S7 for setup). The solution does not splash in condition 

2 regardless of speed of rotation being higher.  Even though the shakers move in an orbital fashion, 

solutions experience agitation in a more orbital shaking manner in condition 2 compared to tube 

inversion type motion in condition 1. The A-W interfacial area increases under condition 1, relative 
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to condition 2. Data from fluorescence spectroscopy in Fig. 5a show that Dlmax of protein emission 

was < 2 nm for condition 2, as opposed to ~ 30 nm red shift in peak maximum for condition 1 after 

24 h incubation.  Thus, how the solution flows during agitation, and how much of the aqueous 

solution was exposed to air matters more than material of container used in ChT denaturation. 

 

Figure 5. Effect of container material versus A-W interfacial area in ChT denaturation 
during agitation. (a) Change in lmax of emission from fluorescence spectra of 10 μg/mL ChT 
incubated at 3 different agitation conditions as a function of different incubation times at RT. 
Samples were in 10 mM sodium phosphate buffer, pH 7.5 filled up to 1 mL in either low protein 
binding polypropylene microcentrifuge tube or glass vial. Samples were excited at 280 nm. Error 
bars are from three sample replicates per data point. Schematic representation of the 3 incubation 
conditions in (a) are shown in (b,c). (b) Samples were in 1.5 mL volume plastic microcentrifuge 
tubes laid sideways on a shaker set to 100 rpm corresponding to data points in black in (a). (c) 
Samples were in 15 mL volume plastic centrifuge tubes or 10 mL glass vials set to stand upright 
on the orbital shaker set to 200 rpm for data points in brown and green in (a). Photos of sample 
incubation conditions are included in the SI. Illustration created in BioRender. Unnikrishnan, M. 
(2025) https://BioRender.com/m11l861. 

 

        To probe the role of the A-W interface further, a side-by-side comparison of samples with 

and without A-W interface in polypropylene tubes was done by running experiments in parallel. 

a b
In plastic tube (100 rpm)
In plastic tube (200 rpm)
In glass vial (200 rpm)

c
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The A-W interface was removed by filling up the reaction container all the way to the top as shown 

in Fig. S8a. By measuring the intrinsic tryptophan emission of ChT after 24-hour incubation with 

agitation, it was evident that removing the A-W interface prevents protein denaturation. From Fig. 

6a, in sample tubes with A-W interface, there is a Dlmax of 30 nm in the protein emission regardless 

of the inclusion of NPs in solution. To check for the role of oxidative denaturation, solution was 

degassed, and ChT samples were prepared in a glove box and tubes sealed so that the air above 

the protein containing buffer solution is replaced with nitrogen, following which the 24-hour 

incubation with agitation was performed. The proteins still denatured similarly to when 

experiments were done with the A-W interface. To further probe the role of oxygen in the air, we 

experimented with replacing the layer of air with hexanes or decanol - two hydrophobic liquids 

that are immiscible with the aqueous layer containing protein but is not too viscous to prevent 

movement of the liquid-liquid interface during agitation (Fig. S8 b,c). Emission of Trp/Tyr from 

sample topped off with hexanes post 24 h incubation with agitation showed that lmax of emission 

red shifts to a similar extent (Fig. S8d) as the control sample with A-W interface (Fig. S8e). With 

decanol, signal from protein emission was too low to be measured in buffer layer. 

   Addition of surfactants has been shown to prevent protein unfolding and aggregation at the A-

W interface.56 AuNPs have been reported to prevent ChT denaturation at the A-W interface 

through preferential localization of the nanoparticles at the A-W interface, essentially acting as a 

surfactant in solution that prevents protein localization at the interface. 57 Adding Tween 20 as a 

surfactant to reduce protein adsorption at interfaces did prevent denaturation of ChT when agitated 

at low concentrations (Fig. 6b) as observed from changes in lmax of emission of aromatic residues. 

This confirms that the denaturation of ChT when agitated at low concentrations is a surface-
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mediated effect due to adsorption at the A-W interface.  Finally, by repeating the 24 h incubation 

of chymotrypsin and 60-nm AuNP at varying protein:NP ratios and measuring the emission of 

aromatic residues afterwards (as discussed in Fig. 3b), and comparing with and without agitation 

conditions, we ruled out the role of NPs in denaturation of soft corona and confirmed that there is 

no red shift in lmax of emission of ChT protein that was exposed to NPs, but was not agitated during 

incubation (Fig. 6c). Note that in a still sample, the surface area of 0.025 nM 60-nm AuNPs is 

higher than surface areas of air-water interface and interior of the 1.5 mL microcentrifuge tube 

(see SI for calculation).  

        Thus, enhanced denaturation of ChT protein at low concentrations in solution appears to be 

due to protein adsorption at a hydrophobic interface such as air-water or hexanes-water, and not 

due to NPs, and agitation accelerates the process. But is this universal to all proteins, or are some 

proteins less susceptible than ChT? Response to agitation for proteins has conflicting results in the 

literature, and hydrodynamic flow-induced protein unfolding and aggregation is thought to be 

highly dependent on the combination of proteins and interfaces under consideration.35 Similarly, 

the rate of protein adsorption at the A-W interface and its tendency to unfold is dependent on 

structural properties of the protein such as conformational stability and surface hydrophobicity.15 

In a study comparing two proteins, the combined effect of agitation and air-liquid interface caused 

recombinant human growth hormone (rhGH) to denature whereas recombinant human 

deoxyribonuclease (rhDNase) was relatively stable due to rhGH being more prone to adsorption 

at the air-liquid interface.36 Thus, we used a second model protein to repeat the soft corona studies 

with AuNPs. 
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Figure 6. Effect of A-W interface, surfactant and NPs on ChT denaturation. (a) ChT 
denaturation after 24 h incubation with agitation at RT with and without the air-water (A-W) 
interface was measured using Trp/Tyr emission. Sample solutions were incubated in a 2 mL 
volume polypropylene tube (cap made of same material) filled up to either 1 mL (tube contains an 
A-W interface) or 2.1 mL (eliminates A-W interface). Across the spectra of 10 μg/mL ChT 
incubated with 0.025 nM 60-nm NP (green and black lines) and without NPs (red and blue dashed 
lines), red shift in lmax of emission was observed only in samples with A-W interface (green solid 
line, red dashed line). (b) Fluorescence emission from 20 μg/mL ChT protein incubated for 24 h 
at RT with and without addition of surfactant Tween 20. Solution was filled up to 1 mL in 2 mL 
volume polypropylene tubes (contains A-W interface). Red shift in lmax of emission was observed 
only in ChT sample agitated without surfactant. Tubes were laid sideways on a shaker set to 200 
rpm for incubation with agitation conditions in (a,b). (c) Fluorescence spectra of NP-free ChT 
supernatant samples post incubation with 0.025 nM 60-nm AuNPs for 24 hours at RT without any 
agitation. All samples were centrifuged once post incubation to pull down NPs and hard corona 
proteins, and the supernatant was used to measure emission. Concentration of ChT incubated with 
NPs was varied between 9-99 mg/mL (legends in graph) in samples. All samples were excited at 
280 nm. 

 

A secondary case study using BSA 

Serum albumin protein has been extensively investigated in the literature for corona formation on 

citrate-capped AuNPs. It is the most abundant protein in the circulatory system, that helps maintain 

the osmotic pressure of blood and acts a multifunctional transporter molecule.58–61 Bovine serum 

albumin is a 66 kDa protein with 583 amino acids, and has a net negative charge at pH 7.4. BSA 

has a prolate ellipsoidal shape with approximate dimensions of 14 nm × 4 nm × 4 nm  in aqueous 

media.62 The monomeric protein contains 2 tryptophan residues and 20 tyrosine residues (Fig. 7a). 

The secondary structure of BSA is mostly made of helices with a smaller percentage of coils. When 

BSA protein thermal denaturation is monitored using CD, there is a decrease in peak intensities at 

higher temperatures (Fig. S1b, S9). The fluorescence intensity for the native BSA decreased along 

with a blue shift in the peak emission wavelength after heat treatment (Fig. 7b, Fig, S1d), a spectral 

change that has been reported previously. This blue shift (338 nm to 324 nm) and low intensity 

can be due to the change in the local hydrophobicity along with decrease in quantum yield (due to 
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intramolecular quenching) at increasing temperatures. Irreversible unfolding of α- helices has been 

reported to start occurring around 52–60°C in BSA, and from 60°C onwards, β aggregation of the 

molecule begins as unfolding progresses which can cause the aromatic residues to be in a more 

hydrophobic environment.  61,63,64  BSA also has 10 x more tyrosine residues than tryptophan 

residues; and as tryptophan emission is quenched at higher temperatures, emission from tyrosine, 

which is more blue shifted and has lower fluorescence intensity than tryptophan, might be 

dominating the spectrum. There is a wide range of binding constants reported for BSA adsorption 

on to AuNPs (Ka = 103-1011 M-1),53 and three different mechanisms have been proposed to explain 

this interaction: (i) electrostatic attraction between the positively charged lysine groups of the 

protein and the anionic citrate layer on the gold surface,60 (ii) thiol-binding of the cysteine residue 

directly to the gold surface,58 and (iii) hydrophobic interaction between the protein and gold 

surface.65  



 27 

Figure 7. BSA protein structure and fluorescence spectrum. Structure of BSA (PDB file 3V03) 
rendered using Chimera. Helices are shown in purple, and coils in gray. Tryptophan residues are 
shown in yellow, and tyrosine residues in green. (b) Normalized emission from protein excited at 
280 nm before and after thermal denaturation (incubated in 70 ℃ water bath for 1 h). Samples 
were cooled down to 20 °C for spectra measurement. 

 

Interaction of BSA with AuNPs 

A similar workflow as the 60-nm citrate-AuNPs + chymotrypsin experiment was used to study 

effect of these NPs on BSA protein denaturation. Initially, there is an increase of ~ 5 nm in Dh upon 

addition of increasing amount of protein, which remains consistent across a small range of protein 

concentration (Fig. 8a). However, when protein concentration increased to > 50 µg/mL, the Dh 

continued to increase, and the binding curve did not saturate. The polydispersity index did not 

increase as the DDh increased however, and the samples did not show aggregation from UV-Vis 

spectra (Fig. 8b). The LSPR peak of the AuNPs showed a slight red shift indicating localization 

of proteins on the NP surface (Fig. 8c). This suggests the formation of multilayers, which BSA 

protein has been reported to do on citrate capped AuNP surfaces.66 When a BCA assay (5-250 

324 nm 339 nm BSA denatured
BSA

Dlmax

a b 338 nm324 nm BSA, native
BSA, denatured
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µg/mL standard curve) was used to quantify the amount of BSA protein adsorbed onto the NPs 

(hard corona), we found that all of the protein that was added to solution containing NPs could be 

retrieved in the supernatant once the NPs were pulled down by centrifugation. Since the adsorbed 

layer can be completely removed by centrifugation, BSA is an ideal “soft corona” protein in our 

experiments.  This data agrees well with previously reported reversible adsorption of BSA on 

citrate capped AuNPs.66  

The samples were left to shake gently at RT for 24 hours and then was centrifuged at 13000g for 

5 mins. The clear supernatant was used to measure BSA emission upon excitation at 280 nm (Fig. 

9a).  A small blue shift of ~ 6 nm in emission maximum was observed at smaller protein: NP ratios 

(protein concentration 18 µg/mL), which initially suggested that protein denaturation due to NPs 

can be observed in the soft corona by carefully tuning the protein:NP ratio in the case of BSA. 

However, the same trend can be observed without the NPs for the same protein concentrations 

(Fig. 9b). Dilution of BSA by itself exhibits a small blue shift in lmax of emission in our 

measurements and small deviations in lmax of emission has been observed for replicates of the same 

sample (Fig. S10). This can imply a surface-mediated effect, 35 or that this protein assumes a more 

aggregation-prone monomer conformation at low concentrations.67 While ChT has not been 

reported to exhibit the latter behavior, BSA has been reported to assume a more unfolded structure 

in the 0.05 g/L to 0.20 g/L concentration regime in a 2015 study by Li and colleagues, which can 

lead to enhanced protein aggregation induced by the gas-liquid interface during foam fractionation. 

68 As the concentrations of BSA is in the 0-0.20 g/L regime in our experiments, and Dlmax of 

emission is small compared to ChT (~ 6 nm for BSA vs. ~ 30 nm for ChT) when the ratio of 

concentration of protein to A-W interfacial area is reduced, the sensitivity of BSA protein structure 
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to denature during agitation at low concentrations in a partially filled tube is not apparent from 

measuring Trp/Tyr emission.  

 

 

533 nm 538 nm

[BSA], µg/mL

a

b

c
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Figure 8. Soft corona studies of BSA + 60-nm AuNPs. (a) DLS titration from adding increasing 
amounts of protein to 0.025 nM NPs in water at pH 6.0. Error bars come from standard deviation 
of triplicate measurements of same sample on the instrument. Polydispersity index did not increase 
as the DDh increased with protein concentration. (b) UV-Vis spectra of the NP+protein samples 
used in (a). There was no aggregation of NPs due to addition of proteins from monitoring 
extinction (absorbance + scattering) at longer wavelengths. (c) Zoomed in image of the UV-Vis 
spectra in (b) showing the red shift in LSPR peak of the NPs as proteins coat the NP surface. 
Concentrations listed in (b) belong to the protein, concentration of NP is 0.025 nM in all samples.  

 

 

Figure 9. Fluorescence spectra of NP-free supernatant samples post 24-hour BSA+NP 
incubation at RT. BSA was incubated (with agitation) at varying concentrations (a) with 0.025 
nM 60-nm AuNPs, and (b) without any nanoparticles. All samples were centrifuged, and the NP-
free supernatant was used to measured emission. lmax of emission blue shifted from 337 nm (violet) 
to 331 nm (orange) as concentration of protein in the tube decreased under both incubation 
conditions.  Samples were incubated in a low protein binding plastic microcentrifuge tube laid 
sideways on orbital shaker at 100 rpm. Samples were excited at 280 nm.   

 

Chymotrypsin is more sensitive to synergistic effect of A-W interface and agitation during 

incubation than BSA 

    Stock solutions of ChT and BSA (typically in the concentration range 500-3000 μg/mL) once 

thawed, were left to sit or shake at RT along with the protein+NP samples used in our DLS, 

fluorimeter or CD experiments for the same duration of incubation. For both ChT and BSA 

18 µg/mL
45 µg/mL
99 µg/mL
150 µg/mL
300 µg/mL

18 µg/mL
45 µg/mL
99 µg/mL
150 µg/mL
300 µg/mL

With NP Without NPa b



 31 

proteins, we observed a minimal shift in lmax of tryptophan emission after 24 h storage at RT at 

these high concentrations (Fig. S11).  However, when a low concentration sample of both proteins 

are vortexed in a tube that is not filled all the way (contains an A-W interface), we observed that 

the emission peak of ChT visibly red shifts (Fig. 10a) while emission peak of BSA does not shift 

(Fig. 10b), indicating that BSA is not as susceptible as chymotrypsin to denaturation at similar 

incubation conditions.  

Figure 10. Synergistic effect of A-W interface and agitation on intrinsic Trp/Tyr emission of 
ChT vs. BSA. Fluorescence spectra of (a) ChT and (b) BSA protein solutions filled up to 1 mL in 
1.5 mL plastic tubes after vortexing indicated a higher sensitivity of ChT proteins to shearing 
forces agitation in presence of an A-W interface. Samples sat still at RT after vortexing for 24 h 
before emission was measured by exciting at 280 nm. 

 

  It is to be noted that many studies have analyzed the adsorption process of BSA at the A-W 

interface in detail and looked at the interfacial properties of the protein under different solvent 

conditions.69–73  Adsorption of BSA onto an air- water interface (no buffer) has been reported to 

be reversible from adsorption kinetics studied using surface tension measurements.73  Interfacial 

properties of BSA can however be influenced by the presence of surfactants,71 salts, and protein 

10 µg/mL stock
10 µg/mL – vortex – 1 min
10 µg/mL – vortex – 2 min

Chymotrypsina

10 µg/mL stock
10 µg/mL – vortex – 2 min

BSAb

Dlmax

vortexing



 32 

concentration.70 Hofmeister electrolytes has been shown to influence the visco-elastic response 

of BSA and alter its interfacial activity,70 hence, buffer composition is an important variable in 

this field. Hydrogen–deuterium exchange coupled with mass spectrometry (HDX-MS) can help 

determine the structural changes of BSA protein at the air/water interface in situ at the peptide and 

amino acid residue level.69 Using this technique, peptides and residues involved in adsorption of 

BSA to the A-W interface, and subsequent reduction of helix structures in the unfolding and 

rearrangement of the interfacial adsorbed BSA were identified.  HDX-MS has also been used to 

correlate structural changes of BSA due to different pH-shifting treatments at the A-W interface 

with the proteins’ foaming properties.72 Han et al. used interfacial rheology analysis to determine 

that diffusion-controlled fast adsorption process in a 5 % (m/v) BSA solution in 10 mM PBS (pH 

7) took place within 100 s, and that BSA completed  structural changes and rearrangement within 

2 h of air-water interfacial adsorption.69 In future studies exploring the competition between the 

solvent–air interface and the nanoparticle soft corona in protein denaturation, it will be important 

to employ additional techniques—beyond tryptophan fluorescence as a reporter of local polarity—

to obtain more quantitative and comprehensive insights into the molecular and interfacial behavior 

of proteins across different states: in solution, during adsorption, and at interfaces. 

 

Agitation-induced protein denaturation at the air–water interface during sample preparation 

should be carefully considered in corona studies, particularly under dilute conditions 

     Incubation at RT with gentle shaking to facilitate better interaction between NP and protein in 

the corona has been reported previously.74,75 In many NP corona papers, however, the 
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specifications of how the incubation step is conducted (with or without shaking, at what protein 

concentration, etc.) is not mentioned in the methods section so it is unclear how prevalent this 

practice is across the various research groups in the field. In a 2022 article by Mohammad-Beigi 

et al., agitation has been shown to be important in the fibrilization of a-synuclein proteins. In the 

case of interfacial interactions from polystyrene NPs examined in this study, the in vitro setup was 

reported to introduce several artificial interfaces like the air-liquid interface and the surfaces of 

culture well plates or sample tubes. The authors note that these interfaces created a baseline of 

primary nucleation sites that could differ depending on the product or protein system being studied. 

Mechanical agitation increased the A-W interface area which aided in speeding up a-synuclein 

fibril fragmentation. 76 Outside of the NP-protein corona literature, however, the effect of the 

vapor-liquid interface and agitation on protein stability in solution has been investigated more 

thoroughly.35,36,54,56 The synergistic effect of shear and interfaces in causing protein aggregation 

in solution has been better studied in the context of protein manufacturing for pharmaceutical 

applications.35,36 Cryo-electron microscopy data has also shown that reducing protein adsorption 

at the A-W interface, by using hydrophilized graphene-coated grids which promotes proteins’ 

affinity for the graphene-water interface, prevents protein denaturation arising from contact with 

air which may occur at any stage of the TEM grid preparation.77 

  It has, however, been shown that responses to agitation and adsorption at interfaces vary for 

different proteins in these studies. Efforts to categorize proteins as “soft” and “hard” based on 

degree of conformational stability (resistance to thermal, chemical or shear-induced denaturation), 

and subsequently identify trends between structural hardness, foamability, and surface 

hydrophobicity to their affinity for the A-W interfaces have not lead to generalizable framework 
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due to limited data points.55,78 ChT has been tagged as a “hard” protein, and BSA as a “soft” 

protein in the context of rigidity of structure during adsorption processes ,1,21,79 but ChT 

underwent significant conformational changes due to adsorption at hydrophobic interfaces in our 

study. A recent proteome scale study reported that chaperonins, intrinsically disordered proteins 

and ribosomes were more prone to aggregation under the combined effects of material surface, air-

water interface, and agitation. This work by Schvartz et al. showed that the destabilization of 

proteins exposed to plastic surfaces and their subsequent aggregation at the sheared air/liquid 

interface could not be prevented even if low protein binding tubes were used. Further, their results 

on prevention of protein aggregation upon removal of agitation or the air-water interface agrees 

well with our findings.54  For agitation-induced reactions, an inverse relationship between protein 

concentration and denaturation/aggregation in three different monomeric proteins - pegylated 

megakaryocyte growth and development factor, pegylated granulocyte colony stimulating factor , 

and osteoprotegerin protein fused at its C-terminus with the sequence from the Fc portion from an 

immunoglobulin – have been explained using the A-W interface as the rate-limiting reagent. 56 

Hence, the air–water interface and agitation may play significant roles in corona studies involving 

proteins beyond chymotrypsin, and appropriate control experiments should be conducted to 

accurately attribute effects to the nanoparticle surface. 

 

 

CONCLUSION  

In this work, we explored the differential effects of citrate-capped AuNPs and interfacial agitation 

on two model proteins, chymotrypsin (ChT) and bovine serum albumin (BSA), within the context 
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of soft corona formation. In soft corona studies, maintaining a low protein-to-NP ratio ensures that 

data primarily reflects protein-NP interactions rather than excess free protein in solution. However, 

when the ratio of protein to NP is reduced, the ratio of protein to air-liquid interface and to area of 

container walls is also reduced. For certain proteins like chymotrypsin, adsorption at the 

hydrophobic air-water interface can cause denaturation, and the continuous renewal of this 

interfacial area due to agitation can accelerate the denaturation reaction. This leads to an inverse 

relationship between protein concentration and denaturation—a surface-mediated effect that could 

be mistakenly attributed to protein–nanoparticle interactions. In the absence of agitation or 

adsorption to the A-W interface, chymotrypsin protein desorption from the NP surface in a 

permanently denatured form does not appear to be a major downstream effect when exposed to 

citrate-capped AuNPs. BSA protein on the other hand did not exhibit significant denaturation in 

the soft corona of AuNPs, even under agitation and in the presence of an air–water interface, as 

indicated by intrinsic tryptophan and tyrosine fluorescence measurements. This highlights the 

protein-specific nature of interfacial denaturation, with the propensity to unfold at the air–water 

interface varying between different proteins. 

In the workflow where incubation of protein and NP together is followed by isolation of soft corona 

protein for characterization, the source of protein denaturation must be unambiguously identified 

for the research to be meaningful in corona studies. For chymotrypsin, avoiding air-water 

interfaces or agitation could prevent synergistic denaturation effects at concentrations below 50 

μg/mL over a 24-hour incubation period in our experimental setup. This threshold may rise with 

factors such as reduced solution volume, increased agitation speed, mode of agitation (change in 

A-W interfacial area), or prolonged/high-temperature incubation. We recommend that when 

performing corona studies at low protein concentrations (µg/mL or lower, although this value is 
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subjective on incubation parameters), in addition to protein alone control experiments, eliminating 

the air-water interfaces by filling tubes all the way and ensuring air bubbles do not form would 

help avoid spurious sources of protein denaturation. Alternatively, lowering protein affinity for 

air-water interfaces compared to NP surfaces—for example, by adding surface tension-reducing 

agents—can help ensure data reflects bulk protein-NP interactions. As creation of interfaces in an 

experimental setup is inevitable, and many more surfaces beside that of the NP surface become 

available for the protein to adsorb onto, contribution from these interfaces needs to be accounted 

for in corona studies. 
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