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Abstract: Nanoparticles (NPs) adsorb proteins when exposed to biological fluids, forming 
a dynamic protein corona that affects their fate in biological environments. A 
comprehensive understanding of the protein corona is lacking due to the inability of 
current techniques to precisely measure the full corona in situ at the single particle level. 
Herein, we introduce a 3D real-time single-particle tracking spectroscopy to "lock-on" to 
single freely-diffusing polystyrene NPs and probe their individual protein coronas. The 
diffusive motions of the tracked NPs enable quantification of the "hard corona" using 
mean-squared displacement analysis. Critically, this method's particle-by-particle nature 
enabled a lock-in-type frequency filtering approach to extract the full protein corona, 
despite the typically confounding effect of high background signal from unbound proteins. 
From these results, the dynamic in situ full protein corona is observed to contain double 
the number of proteins than are observed in the ex situ measured "hard" protein corona. 

                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                            

Introduction  
Nanoparticles (NPs) have become increasingly important in biomedical research, 

including drug delivery, diagnostics, cellular imaging, and phototherapies.[1–4] However, 
when exposed to biological fluids, NPs immediately adsorb free proteins onto their 
surfaces, forming a dynamic protein layer called the "protein corona".[5] It has been well 
recognized that this protein corona alters the size,[6,7] dispersion,[8–10] and surface 
chemistry of NPs,[11,12] leading to unpredictable therapeutic behaviors in biological 
systems.[11,13–18] Surface modification with zwitterionic ligands or polyethylene glycol has 
been shown to reduce protein adsorption, although adsorption cannot be completely 
suppressed.[19] In recent years, other methods have been developed that, instead of 
preventing adsorption, aim to control and modify this protein layer for its potential 
biomedical applications.[20,21] Understanding the formation of this complex and dynamic 
protein corona is critical for understanding and ultimately predicting the biological 
behaviors of NP-protein complexes. 

Protein corona adsorption is a multi-faceted process, affected by the diversity of both 
proteins and nanomaterials, concentration, surface functionalization, and a host of other 
factors.[12,22–24] Efforts to characterize protein corona formation can be divided into two 
classes: ex situ techniques and in situ techniques.[25,26] The "hard" protein corona, 
wherein proteins are adsorbed onto NPs with large adsorption binding energy (∆Gads), 
remain bound to the particle after it has been separated from its native environment. The 
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removal of the NP from the protein solution allows further protein composition analysis 
using ex situ methodologies such as SDS/PAGE and LC/MS. However, the extent to 
which separation methods that remove nanoparticles from the biological fluid alter the 
protein adsorption equilibrium remains unknown. Moreover, it is suggested that some of 
the tightly bound interfacial proteins cannot be detached by general methods[27], and their 
influence on NP agglomeration is also not well understood. In situ techniques such as 
fluorescence correlation spectroscopy (FCS)[6,7] and dynamic light scattering (DLS)[10,23] 
characterize not only the "hard" protein corona, but also loosely bound and highly dynamic 
"soft" corona in native protein solution by measuring the hydrodynamic radius change due 
to protein binding. Unfortunately, these ensemble techniques provide limited information 
for quantitative protein corona measurement because they fail to reveal the direct 
interactions between the proteins and NPs, and may conflate protein corona size and NP 
aggregation. At their core, both FCS and DLS rely on changes in diffusion coefficient to 
determine the size of a NP-protein complex. This is particularly challenging for 
therapeutically relevant nanoparticles at sizes of 100 nm or greater, where even large 
changes in the quantity of proteins in the protein corona lead to small changes in the 
hydrodynamic radius. To overcome the intrinsic uncertainty in diffusion-based in situ 
methods, recent studies have utilized imaging-based strategies to directly observe single 
NP-protein interactions with high sensitivity.[8,28–31] While far more sensitive than 
extracting a diffusion coefficient, each of these methods required immobilization of the 
NP for sufficient characterization. The change of dynamics of the NP and the interaction 
between NP and surface may strongly affect protein binding, and it is difficult, if not 
impossible, to distinguish NP-bound proteins from surface-bound proteins. Accordingly, 
a highly sensitive and non-perturbative method that can access individual particle-protein 
interaction in situ without surface tethering is in enormous demand, owing to the 
complexity of highly dynamic NP-protein interactions and the diversity of nanomaterial-
biological system. Probing these NP-protein interactions in situ can finally dissect the 
relative abundance of the hard and soft protein corona.  

Real-time 3D single-particle tracking (RT-3D-SPT) spectroscopy removes the 
surface-tethering requirement of imaging-based methods while preserving single-particle 
sensitivity, due to its ability to capture and analyze individual freely diffusing nanoscale 
object in situ.[32–34] Herein, we introduce an RT-3D-SPT-based lock-on protein corona 
spectroscopy to quantify the proteins adsorbed onto freely diffusing polystyrene 
nanoparticles (PS NPs), employed here as a model system. This microscopy, called 3D 
Single-Molecule Active Real-time Tracking (3D-SMART),[35,36] uses optical feedback to 
lock-on to a single freely diffusing PS NP-protein complex in three dimensions to 
continuously and simultaneously monitor the fluorescence signals from both the PS NP 
and their associated protein coronas  (Figure 1, Figure S1-5, Movie S1). This continuous 
observation enables real-time characterization and unlocks a wealth of information. The 
diffusive motions of the particle yield information on protein adsorption-induced changes 
in the hydrodynamic radius, while the fluorescence intensity from NP-bound proteins 
enables quantitative hard corona analysis on a per-particle basis with single protein 
sensitivity. Critically, an entirely in situ analysis of the full corona (hard plus soft) via a 
lock-in type filtering algorithm allowed us to directly measure the full protein corona on a 
single nanoparticle in solution, despite the confounding effects of large signals from 
unbound "background" proteins. This methodology, which can be extended to other 



   

 

   

 

nanomaterial-protein systems, allows precise and sensitive determination of individual 
protein corona without removing the NP or protein from its native solution, opening the 
possibility to study transient and dynamic protein-nanoparticle interactions which are 
destroyed by current ensemble and surface-tethered imaging techniques.  

 

 
Figure 1. Schematic illustration of 3D-SMART used for in-situ observation of protein corona. (a) Red fluorescent PS 
NPs are incubated with Alexa 488-labeled protein solution. The hard corona and full (hard+soft) corona are 
quantitatively analyzed by the 3D-SMART microscope. (b) Individual NP-protein complexes are "locked on" to the 
center of 3D laser scanning volume. The NP trajectories (left) and emissions of both red NP and green protein channels 
(right) are recorded simultaneously for consequent protein corona analysis. 

 

Results and Discussion 
Protein Corona Measurement via NP Sizing 

Each particle captured and analyzed by the 3D-SMART microscope yields XYZ 
position information, sampled every 10 µsec for on the order of a minute-long at a time 
(Mean ± SD = 51.3 ± 21.5 s, Figure S3). We first investigated the effect of protein corona 
formation on NP size particle by particle using mean square displacement (MSD) analysis 
on these XYZ NP-corona complex trajectories. Red fluorescent polystyrene (PS) NPs 
(Bangs Labs) with a diameter of approximately 190 nm were chosen as model system, 
and transmission electron microscopy (TEM) images revealed uniform size distribution of 
these bare PS NPs (Figure S6). Individual PS NP-protein complexes were tracked and 
analyzed by 3D-SMART to monitor the formation of the protein corona, using the obtained 
3D trajectories to calculate changes in hydrodynamic radius (Figure 2a). To compare 
different protein environments, PS NPs were incubated for 30 min in solutions containing 
different concentrations of BSA (0.0083 mg/mL, 0.33 mg/mL, 0.90 mg/mL, 1.4 mg/mL, 
1.7 mg/mL). The hydrodynamic radius (RH) of each NP complex was then extracted by 
performing MSD analysis and applying the Stokes-Einstein equation to the resulting 



   

 

   

 

diffusion coefficient (Figure 2b). Tracked particles exhibited a linear relationship between 
MSD and time, indicating Brownian diffusion (R2 > 0.95, Figure S7). The hydrodynamic 
radii of PS NP-protein complexes incubated in various BSA solutions were quantified for 
a large number of trajectories (n > 50, Figure S8). Figure 2c demonstrates representative 
size histograms of bare PS NPs (n = 75) and PS NPs (n = 73) trajectories after incubating 
with 1.7 mg/mL of BSA solution, showing that the average size changed from 82.4 ± 21.3 
nm (expressed as mean±SD) to 93.8 ± 32.6 nm (p = 0.01, two-tailed t-test). From the 
size distribution, the PS NPs exposed to protein lead to a few very large NP complexes, 
which could be attributed either to NP aggregation or formation of the protein corona. 
Similar results were also observed by dynamic light scattering (DLS) control experiments 
(Figure 2d, Figure S8, Table S1). To determine if the apparent difference in hydrodynamic 
radius was simply due to NP aggregation, we differentiated, characterized, and excluded 
the protein-mediated NP aggregate trajectories by setting a threshold for PS NP intensity 
to distinguish between single particles and aggregates (Figure S9). Following removal of 
these "bright" NP aggregates from the data set, only a modest increase of average 
hydrodynamic radius (RH) was observed from bare PS NPs (81.3 ± 20.1 nm, n = 73) to 

PS NPs exposed to 1.7 mg/mL BSA (83.5 ± 20.5 nm, n = 60). In fact, the null hypothesis 
that there is no change in hydrodynamic radius upon exposure to protein solution could 
not be rejected for any protein concentration tested (p > 0.05, distributions of other protein 
concentrations shown in Figure S10). This suggests that the NP complex varies little in 
size before and after protein incubation and that this size change is below the detection 
limit that MSD analysis can provide, owing to the intrinsic noise associated with 
measuring diffusion coefficients. We also performed MSD sizing analysis on carboxyl 
functionalized PS-COOH NP. However, NP clusters with noticeably large RH were found 
when exposed to protein solutions, which hindered further single PS-COOH NP-protein 
complex analysis using sizing data alone.  (Figure S11). 

We next investigated sizing change on PS NP-hard corona complexes by extracting 
PS NPs from the protein solution. Unlike the in situ measurement described above, the 
separation process (three centrifugation/washing steps) removes any proteins that are 
not tightly bound to the PS NPs. In good agreement with the in-situ measurements above, 
no significant change in size of single PS NP-hard corona was observed as a function of 
protein concentration or incubation time after excluding NP aggregate trajectories (Figure 
S12).  

The failure of both MSD and DLS measurements to sensitively quantify changes in 
NP-corona is not surprising, given that both rely on a measurement of particle diffusion 
for sizing. Even though 3D-SMART can distinguish single particles from aggregates, 
which can be a confounding factor in DLS, the considerable uncertainty associated with 
a diffusion-based result makes quantification impossible. Additionally, the degree of 
aggregation increased by more than three-fold when excess proteins were removed, 
inversely related to incubation time or the presence of other serum proteins (Figure S13). 
This NP aggregation could be explained by previous work, suggesting that sparsely 
adsorbed proteins undergo structural changes that lead to NPs dimers.[8] Fewer 
aggregates were found when the experiment was repeated with immunoglobulins (IgG) 
instead of BSA (Figure S11,13), indicating that protein-mediated aggregation is also 
determined by protein type at the same protein concentration.  

 



   

 

   

 

 
 

 
Figure 2. Sizing measurement of NP-protein corona. (a) Example 3D trajectory of single PS NP-protein complex 
obtained by 3D-SMART. (b) MSD analysis of (a). The slope of the linear fit (red) from the MSD plot (blue) yields a 
diffusion coefficient of D = 2.5 µm2/s. (c) Radius histograms of PS NP complex before (RH = 82.4±21.3 nm, N = 75, 
grey) and after (RH = 93.8±32.6 nm, N = 73, blue) 30 min incubation with 1.7 mg/mL of BSA solution. (d) DLS 
measurement of PS NP complexes (Grey: PS NPs in PBS buffer; blue: PS NPs after 30 min incubation with 1.7 mg/mL 
of BSA). (e) Radius histograms of (c) after removal of NP aggregation. The RH is expressed as mean±SD. 

 
 
Hard Corona Quantification 

We have demonstrated that sizing data alone fails to even qualitatively resolve the 
protein corona formation of 190 nm PS NPs, let alone quantify both the hard and soft 
corona's contributions. This is where the ability to lock-on to a single nanoparticle 
becomes extremely valuable. In addition to translational behavior used above, 3D-
SMART also collects intensity information from both the NP and the protein layer (if 
appropriately labeled), enabling corona proteins to be precisely quantified on freely 
diffusing NPs. 

First, we investigated the hard corona proteins by tracking PS NP-protein complexes 
separated from Alexa 488-labeld BSA solutions by a series of centrifugation and washing 
steps (See Supplementary Information). The washing steps removed the proteins in the 
loosely bound soft corona, meaning the protein signal collected arose only from hard 
corona proteins (Figure S14). To quantify the number of hard corona proteins in an 
individual complex, we used the initial protein intensity (indicated by the red arrow in 
Figure 3a, left), Is, by equation 1:  

                  NProtein =
Is

DOL∗I0
                                                           (1) 

with degree of labeling, DOL, and single dye signal, I0.  The DOL was obtained using the 
dye-to-protein ratio obtained from bulk UV-Vis measurements (Figure S15). The single 
Alexa 488 intensity, I0, was estimated by immobilizing Alexa 488-labeled NPs onto a 
coverslip and measuring the intensity drop of the last photobleaching step (Figure S16). 



   

 

   

 

Following equation 1, PS NPs incubated in 0.32 mg/mL of Alexa 488-BSA solution for 1 
min were observed to have 142 ± 5 (mean ± SE) BSA per PS NP (Figure 3a). This number 
rose to 243 ± 7 proteins at 16 h incubation time (Figure 3b, blue bars). The time evolution 
at all three tested BSA concentrations (0.32 mg/mL, 0.90 mg/mL, 1.4 mg/mL) indicates 
that hard corona formation is a rapid process in which more than half of the tightly bound 
proteins are adsorbed within just 1 min (Figure 3b). The number of tightly bound proteins 
at equilibrium (16 h) was estimated to be 243 ± 7, 488 ± 8 and 625 ± 11 for 0.32 mg/mL, 
0.90 mg/mL, and 1.4 mg/mL of BSA concentrations, respectively. These values are much 
smaller than the expected saturated monolayer protein quantity Nsat = 3276 (for BSA 
triangular face binding, Nsat = 3243 for BSA rectangular face binding, see Supplementary 
Information). The fact that the measured number of proteins in the hard corona is far 
smaller than this value indicates a sub-monolayer of hard corona proteins. The resulting 
bare NP surfaces may contribute to protein-mediated NP-NP interaction during 
centrifugation, evidenced by the increase in NP aggregates observed after purification. 
To further investigate the effect of separating the NPs from the protein solution, we plotted 
the number of hard corona proteins against NP fluorescence (Figure 3d, red dotted line 
is the threshold of NP aggregation). The linear correlation suggests a consistent hard 
corona protein quantity per NP, indicating that centrifugation does not strongly affect the 
hard corona composition.  

Finally, to ensure that proteins were not desorbing from the NP surface during 
purification, we compared the BSA hard corona quantity (0.32 mg/mL, 16 h incubation 
time) after both two and three washing steps by PBS. No significant difference (p > 0.05, 
two-tailed t-test) in protein adsorption was observed, indicating no loss on the hard corona 
due to successive washing steps (Figure S17). To further test the stability of the hard 
corona after purification, we plotted the observed hard protein quantity versus trajectory 
number over the more than an hour-long tracking experiment (Figure 3c). Other than 
particle-to-particle variance in the number of proteins per corona, no overall trend was 
observed in the average number of proteins as a function of time (Figure S18). These 
results suggest that these hard corona proteins are highly stable and likely remain bound 
to the nanoparticle in vivo, despite the shifted equilibrium following removal of the protein 
solution.  

It has been well established that the affinity of proteins for a nanoparticle surface 
varies widely. To probe whether the protein type affects hard protein corona formation, 
we also performed the same hard corona experiment on IgG. Interestingly, the hard 
corona protein quantity decrease from 243 ± 7 to 74 ± 3 for IgG hard corona under same 
experimental condition (5.4 𝜇M, 16 h incubation time) even though IgG has been reported 
to have a higher binding affinity than BSA (Figure 3e, Figure S19). [37]  

While single component BSA or IgG solutions serve as a useful model system, a real 
analysis of the protein corona must be done in a more complex environment. Fetal bovine 
serum (FBS) comprises a variety of distinct proteins that compete to bind to nanoparticles, 
depending on their abundance and binding affinities. According to the Vroman effect, it 
has been proposed that the most abundant proteins such as BSA are adsorbed first and 
displaced by proteins with higher binding affinity.[38] However, in recent years there have 
been contradictory reports regarding irreversibly bound proteins.[39] To test how much of 
the protein corona we observe here is irreversibly bound, we compared the BSA hard 
corona formation in single-component solutions and in FBS with the same BSA 



   

 

   

 

concentration (20.6 𝜇 M, see Supplementary Note 1). In partial agreement with the 
Vroman effect, only ~15% replacement of "hard" BSA was observed in the presence of 
other bovine serum proteins, which is contrary to previous studies suggesting a significant 
decrease (Figure S20). [29] This suggests that the hard corona is largely irreversibly bound. 

We note here that the above-described analysis applies to nanoparticles that have 
been incubated in labeled protein solution and then purified via centrifugation, similar to 
other ex situ techniques. A complete quantification of the full corona requires an in situ 
measurement, readily available via 3D-SMART and described below. 

 

Figure 3. (a) Example intensity trace of hard corona in 0.32 mg/mL BSA solution (left), intensity distribution (middle) 
and protein quantity distribution (right) of 34 trajectories. (b) protein corona time evolution in 0.32 mg/mL (blue), 0.90 
mg/mL (red), 1.4 mg/mL (yellow) of BSA solutions. (c) Example time trace of protein quantity within 1 h experimental 
tracking time (0.32 mg/mL BSA solution, 16 h incubation). (d) The number of BSA per PS NP complex plotted against 
PS NP intensity. The red dashed line indicates intensity threshold for single NP and aggregations (e) BSA hard corona 
vs. IgG hard corona (5.4 μM). 

 
 
In situ measurement of the full (hard plus soft) corona  

Due to the difficulties in preserving the highly dynamic "soft" corona upon extracting 
NPs from the biological fluid, very few studies have been done to directly monitor these 
interactions.[29,31,40] To observe this soft corona using fluorescence, all proteins in the 
solution need to be fluorescently labeled, creating an enormous background signal, 
particularly at biologically relevant protein concentrations, burying the far smaller corona 
signal in the noise (Figure 4a, c). Some previous imaging studies employed a partial 
labeling strategy (~1%) that may generate significant soft corona quantification error and 
is limited to low and physiologically irrelevant protein concentrations.[10,29] The ability to 
lock-on to the diffusing nanoparticle presents a unique opportunity to distinguish the small 
soft corona signal from the overwhelming background signal. To do so, we applied a lock-
in type filtering algorithm to extract the indistinguishable corona signal in the high 
background environment of fluorescently labelled proteins. As shown in Figure 4a, the 
protein signal is primarily located in the center of the laser scanning pattern, whereas the 
background signal is evenly distributed over the entire pattern.  As a result, the time-



   

 

   

 

dependent variation in the signal from the protein corona should differ from the signal 
from background proteins. This is evidenced by characteristic peaks corresponding to the 
NP-protein complex in frequency space. Among the several peaks observed in the 
frequency spectrum, the peak at 10 kHz was found to have the highest sensitivity to 
intensity in both simulated and experimental data (Figure 4b, Figure S21, 22). The 
amplitude of the 10 kHz signal increases linearly with the particle intensity, meaning that 
it can be used to quantitatively characterize the in situ protein corona (i.e., hard plus soft 
corona), even in the extremely high background environment of freely diffusing and 
fluorescently labeled BSA. We note here that the solution phase protein displayed a small 
residual background at 10 kHz. This background was calibrated as a function of protein 
concentration and subtracted from the signal for each experiment (Figure 4b, d). 

Figure 4c shows example intensity traces of red PS NP and green protein channels 
where tracking was initiated approximately in the middle of the time course. There is no 
visible change in the average intensity of the protein signal upon initiation of tracking, 
aside from small fluctuations caused by the particle complex moving deeper into the 
sample. Figure 4d shows the corresponding lock-in amplitude of BSA proteins at 10 kHz, 
in which the amplitude increased from 17167 ± 298 a.u. (tracking off, background only) 
to 21509 ± 802 a.u. (tracking on, background plus protein corona signal), indicating 
formation of the protein corona. To validate that this approach could extract small signals 
bound to diffusing nanoparticles in the presence of large background signals, we studied 
the interaction between PS NPs and fluorophores by incubating PS NPs in 15 𝜇M of Alexa 
488 and Atto 655 solutions. In comparison to just background amplitude without tracking, 
we observed an increase of the lock-in amplitude of Atto 655 when tracking PS NPs 
(1970±1302 a.u., Figure 4e, red bar), which is impossible to measure simply from the via 
fluorescent intensity in the presence of 2 MHz background intensity. The increase of lock-
in amplitude when tracking PS NP in Atto solution demonstrates adsorption of Atto 655 
occurred in the absence of proteins, suggesting that this type of dye is not suitable for 
fluorescent labeling in this study. In contrast, Alexa 488, the fluorophore chosen for this 
work, shows negligible adsorption onto PS NP, evidenced by the fact that the lock-in 
amplitude of Alexa 488 from tracked PS NPs was indistinguishable from the background 
(-730±617 a.u., green bar, Figure 4e).  

The linear correlation between the fluorescence signal and the lock-in signal was also 
observed in hard protein corona experiments so that the difference in amplitude can be 
converted into the real fluorescence signal from the particle in the presence of high 
background (Figure 4f). For more precise conversion, we tracked 200 nm multicolored 
beads using the red fluorescence channel and calculated their green fluorescence in a 
high background Alexa 488 solution to generate a calibration (Figure S23, Supplementary 
Note 2). This calibration experiment enabled full corona quantification and was performed 
before each full corona experiment. For the first time, this method was able to extract and 
quantify the in situ soft corona of a single, freely-diffusing nanoparticle at extremely small 
signal to background ratio (SBR). Our results showed that the full corona consisted of 
734 ± 19 BSA per PS NP. Using this value, we can then deduce the quantity of soft corona 
proteins by comparing to the value measured for the same particles under the hard corona 
condition (particles extracted from the protein solution). Under the same conditions (1.0 
mg/mL of BSA solution, 16 h incubation) the hard corona was measured to have 366 ± 
11 BSA per PS NP (Figure 4g). This indicates the full corona, measured in situ, contains 



   

 

   

 

nearly double the proteins typically extracted from ex situ hard corona measurements. 
The lock-in filtering-based algorithm enables extracting this full corona protein signal in 
native protein solution at a SBR of 1.1%. Simulations under same background condition 
that the SBR needs to be larger than 0.8% to resolve the amplitude change (i.e., 15 kHz 
signal in 1.8 MHz background). This limitation can be pushed further by altering the 
algorithm's cut-off frequency (Figure S24), providing possibilities to resolve even more 
subtle changes in protein adsorption in high background environments.  
 

Figure 3. Lock-in type filtering algorithm extracts soft corona signal that is buried by the noise of high background. (a) 
Top: schematic illustration centroid proteins(left), uniform background (middle), and proteins in BG (left) in the raster 
laser scanning pattern. Bottom: Corresponding experimental images. Scale bar: 200 nm. (b) The lock-in scan of PSNP 
(purple), Alexa 488 dye solution (green), and PSNP plus Alexa 488 (yellow) signal. The subfigure inside is the zoom-
in of the circled area. (c) Intensity trace of red PS NP (top) and green protein channel (bottom) from tracking off (grey 
background) to tracking on (white background). In-situ protein corona when tracking is on cannot be resolved just by 
intensity trace. (d) The 10 kHz lock-in amplitude trace corresponding with (c). (e) 10 kHz lock-in amplitude difference 
between tracking-on and tracking-off state in ATTO 655 solution (red) and Alexa 488 solution (green). (f) Experimental 
intensity plotted against lock-in amplitude at 10 kHz (grey) and linear fitting (red). (g) In-situ full corona vs. hard corona 
protein quantity (1.0 mg/mL of BSA solution). 
 

 

Conclusion 
The above work demonstrates the power of using real-time single-particle tracking to 

measure all aspects of the NP protein corona. In this work, we applied 3D-SMART to 
sensitively quantify proteins adsorbed onto freely diffusing polystyrene nanoparticles on 
a per-particle basis, without the disruptive use of surface tethering used in other imaging-
based techniques. The simple MSD analysis indicated that for NPs at the size scale 
investigated here is insufficient for detecting changes in the size of the protein corona, 



   

 

   

 

outside of merely responding to changes in the aggregation state of the NPs themselves. 
This suggests that methods that rely on changes in diffusion coefficient alone (such as 
DLS and FCS) are insufficient for characterizing the protein corona in this size regime. 
Critically, the experiments above demonstrate that 3D-SMART massively improves the 
sensitivity of single-particle analysis by counting the number of individual proteins on the 
NP surface, something that could only previously be achieved by surface-immobilization. 
By locking onto individual freely diffusing NP-PC complexes, we were able to obtain the 
diffusion and fluorescence signal of both NP and the associated protein corona, study the 
time evolution of hard protein corona formation, and examine multiple influencing factors 
(protein concentration, protein type, presence of other proteins, etc.). Moreover, we could 
differentiate between the hard and soft corona quantitatively by applying a lock-in filtering-
based algorithm despite the high background of freely diffusing proteins at an SBR near 
1%. A sub-monolayer of both hard and full (hard plus soft) corona formation was 
suggested from our experiment, where a roughly equal number of proteins was found in 
soft and hard corona, which cannot be resolved by sizing change alone. To our knowledge, 
this is the first quantitative observation of in situ protein corona without surface tethering 
or partial labeling strategies. This approach's flexibility opens the possibility to study 
transient protein-NP interactions that are obscured or perturbed by current ensemble and 
surface-tethered imaging-based methods, respectively. Relevant future work includes 
examining other nanomaterial-protein systems and translating this technique to the in vivo 
setting to further understand the effect of protein corona on nanoparticle fate.  
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