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A B S T R A C T   

Drug release from polymeric nanoparticles (NPs) is governed by their adsorption onto cell membranes and 
transmigration across cell walls. These steps are influenced by their interactions with proteins near the cells. 
These interactions were investigated by studying the sequential adsorption of plasma proteins, albumin (Alb) and 
fibrinogen (Fg), and micellar NPs using quartz crystal microbalance with dissipation (QCMD), X-ray photo
electron spectroscopy (XPS), and small-angle X-ray scattering (SAXS). The three NPs in the study all have poly 
(ethylene glycol) (PEG) shells but different cores: amorphous poly(propylene oxide) (PPO), crystalline poly
caprolactone (PCL), and poly(desaminotyrosyl-tyrosine octyl ester-co-suberic acid) (DTO-SA). None of the NPs 
adsorbed onto a pre-adsorbed Fg layer. On the other hand, when the deposition sequence was reversed, Fg was 
adsorbed onto DTO-SA NP and PCL NP surfaces, but not onto the PPO NP surface. The interactions with Alb were 
different: DTO-SA did not adsorb onto Alb and vice versa; PPO NP adsorbed onto an Alb layer, but Alb did not 
adsorb onto the PPO NP layer; and PCL NP reversibly adsorbed onto Alb, but Alb displaced pre-adsorbed PCL NP. 
Thus, in most instances, the adsorption behavior was asymmetric in that it was dependent on the order of arrival 
of the adsorbates at the substrate. SAXS data did not show evidence for complex formation in solution. Thus, the 
solution behavior appears not to be a predictor of the interaction of proteins and the NPs near surfaces. Differing 
strengths of pairwise interactions of proteins, NPs and substrates account for this adsorption behavior. These 
differences in interactions could be the results of deformation of the adsorbates immobilized at the surface and 
the different degrees of surface remodeling that occur upon adsorption. Deformation could lead to disassembly of 
the NPs that has implications on their ability to release their payload of drugs upon adsorption onto tissue 
surfaces.   

1. Introduction 

Polymeric nanoparticles (NPs) are widely used in many health care 
applications as nanocarriers for gene delivery, targeted and controlled 
release of drugs, vaccination, cancer treatments, and imaging [1–3]. 
They are also incorporated into implanted scaffolds to engineer and 
regenerate tissue [4,5]. These NPs, made from amphiphilic molecules, 
are ideal carriers for drug molecules since their hydrophobic core in
teracts favorably with drugs, many of which are hydrophobic, while the 
hydrophilic shell solubilizes the drug-carrying NPs in aqueous media. 
Successful application of NPs in biomedical application requires a 
careful design of their composition of the NPs to modulate the protein 
corona around them. In turn, this protein corona affects the NPs trans
port through biological milieu, adsorption onto cells and subsequent 
disassembly for eventual drug release at the target site [6]. These issues 

have been addressed by a detailed investigation of the understanding of 
the interactions between NPs and proteins [7–10], and with biological 
substrates in general [11–13]. Despite the recent success of NPs in these 
applications, such as the use of lipid NPs delivering mRNA vaccines, 
their full potential has not yet been fully realized, especially with 
polymeric NPs [14]. 

Polymeric NPs are formed by self-assembly of amphiphilic block 
copolymer chains [9,15], either A-B diblock or A-B-A triblock co
polymers, where A is the hydrophilic component and B is the hydro
phobic component. These chains form micelles in aqueous media as 
hydrophobic blocks aggregate to form an inner core surrounded by an 
outer shell of hydrophilic segments. To study the influence of NP's core- 
shell structure on their interactions with proteins, we investigate here 
three types of NPs in which methoxy poly(ethylene glycol) or PEG, is the 
hydrophilic component (A-block), as is the case in majority of polymeric 
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NPs. The three NPs differ in their hydrophobic B-blocks, which are 
desaminotyrosyl-tyrosine octyl ester, poly(propylene oxide), and poly 
(ε-caprolactone), identified as DTO-SA NP, PPO NP, and PCL NP, 
respectively. The PPO-based triblock copolymers are commercially 
available as Pluronics® (BASF) and are also known as Poloxamers. 

One reason that NPs have not met expectations as efficient drug 
delivery devices is because their interactions with the plasma proteins as 
they are transported to cells, and with cell membranes prior to drug 
release, is more complex than is currently understood. Current models 
rarely consider the influence of deformation of NPs and plasma proteins 
upon adsorption onto surfaces on their mutual interactions, and their 
subsequent interactions with the constituents of the cell membranes 
[16]. Furthermore, little is known about the role played by the structure 
of the NPs, specifically the core-shell morphology of the NPs, on drug 
release. We address these issues, and also explore the possibility of the 
extension of the Vroman effect, which was originally postulated in the 
context of plasma proteins, to other particles, in this instance to NPs. We 
use quartz crystal microbalance with dissipation (QCMD) to monitor the 
adsorption behaviors of NPs to proteins to a substrate that serves as a 
proxy for cell membranes, and their mutual interactions when one of the 
species is adsorbed. Small-angle X-ray scattering (SAXS) was used to 
study the inter-particle interactions in solution. X-ray photoelectron 
spectroscopy (XPS) data were obtained to validate the QCMD results. 

2. Materials and methods 

2.1. Preparation and characterization of NPs 

The NPs used in this report (Fig. 1) are described in our previous 
publications, and the references cited therein [17,18]. Briefly, the first 
NP used in this study is from a triblock copolymer, PEG-block-oligo- 
(desaminotyrosyl-tyrosine octyl ester suberate)-block-PEG, abbreviated 
as DTO-SA. The number-average molecular weight (Mn) of PEG is 5 kDa 
and that of the middle block is 14 kDa. The second NP is from Pluronic F- 
127 (Sigma Aldrich, also known as Poloxomer 407) and is identified as 
PPO NP; the molecular weight of the central PPO block is 3.8 kDa, and 
that of the end blocks PEO are 4.4 kDa. The third NP is from PEG-block- 
PCL, identified as PCL NP (Sigma-Aldrich; Product# 570303 - 250 mg); 
the molecular weights of PEG and PCL blocks were 5 kDa. All three NPs 
were characterized by dynamic light scattering (DLS) using a particle 
size analyzer (Malvern, Zetasizer Nano-S) [18]. 

2.2. Protein solutions 

Albumin (Alb) and fibrinogen (Fg) were purchased from Sigma- 
aldrich (Alb: Bovine serum albumin, A4503-10G, Lot # SLBT8839, 
cold ethanol fraction, pH 5.2, ≥ 96%; Fg: Bovine fibrinogen, F8620-1G 
Lot # 021M7352V). 5 mg/ mL solutions of the two proteins were pre
pared in phosphate buffered saline (pH 7.0) (PBS) (Sigma-Aldrich Dul
becco's, D8537-500 μL, Lot # RNBGO544, modified, without calcium 
chloride and magnesium chloride, liquid, sterile-filtered). 5 mg/ mL 
concentration was found to give complete surface coverage as seen by 

the plateau in adsorbed mass (frequency change in QCMD) vs. concen
tration plots (Fig. S1). 

2.3. Preparation of the substrates 

The adsorption measurements were carried out on polymer-coated 
gold QCMD sensors (Biolin Scientific, Gothenburg, Sweden). A hydro
phobic polymer made of desaminotyrosyl-tyrosine ethyl ester with 
carbonate linkages, identified as E0000 (E for ethyl ester and 0000 for 
the absence of any comonomers), was deposited on to the sensors by spin 
coating [19,20]. E0000 was chosen instead of a common polymer such 
as polystyrene because it is a member of a family of polymers being 
developed in our laboratory for fabricating scaffolds for tissue engi
neering [21–25]. Such a polymer coating eliminates the ambiguities in 
adsorption arising from the roughness of the gold surface [26]. 

2.4. Adsorption experiments 

Protein and NPs were deposited onto the QCMD sensors by flowing 
the respective solutions over the substrate. The depositions were done 
sequentially. NP (1 mg/mL) and protein solutions (5 mg/mL) were 
passed over the sensors in the desired sequence at a flow rate of 20 μl/ 
min. The protein solutions were allowed to flow for 20 min and the 
polymer solutions for 10 min. The sensor was rinsed for 5 min with PBS 
before and after the run. Our previous work using XPS and atomic-force 
microscopy has shown that NPs completely cover the hydrophobic 
substrate deposited on gold [18]. This work also demonstrated that once 
the three NPs, Alb, and Fg are adsorbed onto E0000, they do not rinse 
off. Therefore, no rinsing step was included after each individual 
adsorption step. 

2.5. Quartz crystal microbalance with dissipation (QCMD) 

Frequency (f) and dissipation (D) data were collected on a Q-Sense 
Omega instrument (Biolin Scientific) at 37 ◦C. Gold-coated sensors were 
purchased from Nanoscience Instruments (Phoenix, AZ). An average of 
six measurements was made for each experimental condition, with a 
minimum of three and sometimes as many as many as twelve. Data were 
analyzed using the QTools software supplied by the instrument 
manufacturer. 

QCMD data are typically presented as the changes in the frequency of 
oscillation of the quartz sensor crystal (Δf), and the changes in dissi
pation (ΔD) [27–29]. If ΔD is small, then Δf can be used determine the 
adsorbed mass (Δm). A decrease in frequency indicates adsorption and 
conversely an increase in frequency indicates mass loss, as given by the 
Sauerbrey equation: Δm = −(C /n)Δf, where C is the mass sensitivity 
constant (17.7 ng/cm2), and n is the overtone number (1, 3, …) [28]. 
ΔDs were small in many instances, but in some instances, they were 
between 0.8 and 1.6 × 10−6 units per 10 Hz in Δf, which are a little 
higher than the threshold (0.5 × 10−6 units per 10 Hz) for using the 
Sauerbrey equation. When ΔDs, which reflect the viscoelastic properties 
of the adsorbed layers, are large Sauerbrey equation does not hold. In 
these instances, the Voigt model was used to analyze the data to obtain 
the adsorbed thickness assuming a density of 1150 Kg/cm3, and the 
shear modulus of the adsorbed layers [28]. 

2.6. X-ray photoelectron spectroscopy (XPS) 

Chemical analysis of the surfaces after the QCMD experiments was 
carried out on a K-Alpha XPS (Thermo Fisher Scientific, Waltham, MA). 
A 1486 eV electron beam (0.4 mm diameter) from an Al Kα source was 
used to collect C 1 s, N 1 s, and O 1 s core-level spectra (10 scans, dwell 
time of 50 ms, and a pass energy of 50 eV). The spectra were analyzed 
using the Avantage XPS software available on the instrument. Six peaks 
were fitted for the carbon core-level: C − C (285.0 eV), C − O (286.6 eV), 
amide (288.0 eV), ester/carboxyl (289.1 eV), carbonate (290.8 eV), and 

Fig. 1. (a) Structures of the copolymers used to fabricate the NPs. (a) Tyrosine- 
derived copolymer. (b) Pluronic F-127. (c) PEG−PCL. 
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π − π satellite (291.8 eV) [30]. Peaks with 70% Gaussian, 30% Lor
entzian, and a full-width at half-maxima (FWHM) <2 eV were used. O 
core-level peak widths were fixed to be the same as those of the O––C 
peaks. Details of the analysis are given in a previous publication [18]. 

2.7. Small-angle X-ray scattering (SAXS) 

Solution scattering data were collected at the Life Science X-ray 
scattering (LIX) beam line (16ID), National Synchrotron Light Source II 
(NSLS-II), Brookhaven National Lab (Upton, NY). Data were collected 
over a q range of 0.005–3.040 Å−1 (0.005–0.25 Å−1 data used for this 
report) with a wavelength of 0.8172 Å (15.170 keV). Polymer concen
tration was 1 mg/mL and exposure times were 5 s. The counts from five 
exposures were averaged and appropriate background subtracted for 
further analysis. Guinier, Porod, and pair distribution function plots 
were obtained using BioXtas software [31]. 

3. Results 

3.1. QCMD adsorption of NPs and proteins 

The Δf-ΔD data obtained during the sequential adsorption of the NPs 
onto protein layers, and of proteins onto the NP layers, are shown in 
Fig. 2. The results are tabulated in Table 1. The first two columns in 
Fig. 2 are from experiments with Alb, and the second two are with Fg. In 
each pair, the first column shows the adsorption data that begins with a 
protein and is followed by a NP. The frequency shifts by ~20 Hz after 
Alb adsorption and by ~90 Hz after Fg; these are in agreement with the 
values reported in the literature [32,33]. The second column in each pair 
shows the data that begins with the adsorption of NPs followed by a 
protein. Adsorption of NPs causes the frequency to decrease by 

approximately 50, 40, and 30 Hz with DTO-SA-, PPO- and PCL-based 
NPs, respectively. This compares favorably with the previously re
ported values [18]. The data in Fig. 2 are described below. The obser
vations are illustrated in Fig. 3. 

3.1.1. Sequential deposition with Alb 
There is no significant change in frequency when the adsorption of 

Alb is followed by DTO-SA NP (Fig. 2a), indicating that these NPs do not 
bind to the pre-adsorbed Alb layer. Similar non-adsorptive behavior is 
seen when the sequence is reversed (Fig. 2b). In contrast, PPO NP ad
sorbs onto Alb as shown by the large drop in frequency with only a small 
change upon subsequent rinsing (Fig. 2e), indicating irreversible 
adsorption (also see XPS data, Fig. 4b). When the sequence is reversed, 
the frequency remains essentially unchanged when Alb flows over PPO 
NP (a small increase suggests in fact some mass loss) indicating that Alb 
does not adsorb onto NP (Fig. 2f). Thus, the PPO NP-Alb interaction is 
asymmetric. PCL NPs also adsorb onto Alb, but this is reversible as 
indicated by the NPs being removed upon rising with buffer; this can be 
seen by the return of many of the Δf and ΔD harmonics back to pre-PCL 
NP values (Fig. 2i, two out of three in the figure). This reversible 
adsorption is confirmed by XPS data (Fig. 4b). When the sequence is 
reversed, there is a large increase in frequency after the adsortion of Alb 
onto NPs (Fig. 2j). Based on XPS data presented in section 3.2, we 
attribute this increase in frequency to the displacement of the PCL NPs 
by Alb. 

3.1.2. Sequential deposition with Fg 
Absence of any significant frequency shift upon injection of NPs 

following Fg (Figs. 2c, g, and k) indicates that none of the NPs are 
adsorbed onto the pre-adsorbed Fg layer; small changes in frequency 
suggest some surface remodeling, including co-location. The interaction 

Fig. 2. QCMD data in the form of frequency and dissipation versus time curves for the sequential adsorption of the two proteins and the three NPs, as indicated in the 
column headings. In each panel, the top curves (blue) are frequency responses, and the bottom curves (red) are the corresponding dissipation changes for overtone 5, 
7, and 9. In each panel, the sensor is equilibrated with PBS for the first 500 s. Next, the first adsorbate is injected. This is followed by the second adsorbate. Finally, the 
sensor is rinsed with PBS. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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of Fg with the pre-adsorbed NP layer depends on the NP. Decrease in 
frequency with DTO-SA NP and PCL NP (Figs. 2d and l), and a large 
increase in the nitrogen signal in XPS (see section 3.2), indicate that Fg is 
being adsorbed onto DTO-SA and PCL NPs. This interaction is asym
metric since these NPs do not, or only weakly, adsorb onto the pre- 
adsorbed Fg layer (Figs. 2c and k). A small increase in frequency with 
PPO NP followed by Fg (Fig. 2h) indicates mass loss or remodeling of the 
surface as in the case with Fg followed by PPO NP; the interaction is 
symmetric. 

3.1.2.1. Voigt analysis of the data. The data were analyzed using the 
Voigt model to obtain the thickness corrected for dissipation and the 
shear moduli (G) of the adsorbed layers. The results (Table 1) are from 
one representative scan of each of the samples that was analyzed with 
different combinations of harmonics 2–6. We found that there are large 
uncertainties in the G values derived from Voigt fitting, and therefore we 

will use these values for qualitative comparisons only. 
Shear moduli of 200–300 kPa for Alb and 20–50 kPa for Fg are 

consistent with the reported values for these two proteins [33,34]. The 
higher modulus calculated for Alb relative to Fg validates the use of the 
Voigt model for data analysis. The moduli of the three NPs are ~10, 500, 
and 200 for DTO-SA, PPO, and PCL NPs, respectively. These differences 
are indicative of the core-shell interactions and the deployment of the 
shell PEG segments into the surrounding aqueous medium. 

Upon adsorption of NP onto the pre-adsorbed Alb layer, the modulus 
remains unchanged with DTO-SA NP, increases with PPO NP, and de
creases with PCL NP, consistent with the illustration in Figs. 3a, e, and i, 
respectively. When the sequence is reversed, the modulus is unchanged 
with DTO-SA and PPO NPs, but increases with PCL NP, reflecting sig
nificant interactions between PCL NP and Alb. 

Upon adsorption of NP onto a pre-adsorbed Fg layer, the change in 
the modulus is small, indicating the absence of any significant Fg-NP 

Table 1 
Changes in the frequencies (5th harmonic, in Hz) corresponding to Fig. 2 in the main text. Standard deviations are shown in parenthesis. There are four pairs of data in 
eight columns corresponding to the columns in Fig. 3.  

Deposition sequence Alb NP NP Alb Fg NP NP Fg  

DTO-SA 
Δf (Hz) −14.3 

(1.9) 
+1.3 
(0.8) 

−48.7 
(7.5) 

−1.5 
(3.4) 

−83.0 
(9.9) 

+10.6 
(5.9) 

−46.3 
(7.5) 

−37.3 
(12.7) 

Voigt Thickness (nm) 4.2 3.2 24 24 41 36 37 36 
G (kPa) 200 205 6.5 5 27 12 14 12  

PPO 
Δf (Hz) −19.9 

(1.4) 
−24.2 
(6.1) 

−44.3 
(2.3) 

+2.3 
(0.6) 

−122.4 
(7.4) 

+6.3 
(3.1) 

−42.7 
(9.8) 

+5.1 
(4.0) 

Voigt Thickness (nm) 4 8.5 8 7.5 28 32 4.7 3.8 
G (kPa) 280 460 420 380 50 22 500 420  

PCL 
Δf (Hz) −13.7 

(3.1) 
−19.8 
(3.9) 

−33.7 
(4.6) 

+22.9 
(9.9) 

−103.3 
(16.3) 

−10.0 
(6.3) 

−32.5 
(9.8) 

−48.5 
(8.3) 

Voigt Thickness (nm) 4 12 8.5 4 35 42 13.8 20 
G (kPa) 190 80 240 412 37 30 109 220  

Fig. 3. Schematics illustrate the proposed modes of interactions between the NPs and the proteins based on the QCMD data. NPs and proteins are depicted to scale. 
Deposition sequence is shown in the column headings, and the three rows correspond to the three NPs. Numbers 1–6 next to the figure labels identify the different 
mechanisms: 1-No adsorption. 2-Irreversible adsorption. 3-Reversible adsorption. 4-Displacement. 5-Colocation. 6-Ablation. 
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interactions; a small decrease with all three NPs, suggests remodeling of 
the adsorbed Fg layer by some NP fragments. This is also suggested by 
small changes in the thickness. The surface remodeling explains the 
decrease in N signals with DTO-SA and PPO NPs. When the sequence is 
reversed, the modulus remains unchanged with DTO-SA NP, decreases 
with PPO NP, and increases with PCL NP, indicating different degrees of 
binding between the pre-adsorbed NPs and the incoming Fg. 

3.2. XPS 

The surface elemental composition of the layers deposited on the 
QCMD sensors during the experiment was determined using XPS. 
Because of the presence of amino acids in the proteins, increase in N 
content or decrease in C content relative to the control (E000) indicates 
the presence of protein at the surface. Conversely, lower N and higher C 
contents relative to the control indicates segments of the NP at the 
surface. Ultrahigh vacuum environment in the XPS chamber can change 
the surface structure from that in the aqueous medium in the QCMD 
module by causing the NPs and protein to deform and fragment, and 
otherwise rearrange. However, nitrogen and oxygen concentrations will 
not be affected by the surface rearrangement since it is unlikely that the 
molecules in the dry sample will mix in the z-direction, a processs that 
can be facilated by the aqueous medium during the QCMD measure
ments. We have established that there is complete coverage of the gold 
by E0000 polymers. We have also ensured that there is complete 
coverage of the surface by the NPs and the proteins by using the 
appropriate concentrations, 1 and 5 mg/mL, respectively\. Thus, we can 
use the XPS data to validate the observations based in QCMD data. The 
results shown in Fig. 4 were obtained from detailed profile analyses of 
the XPS scan as described in an earlier publication [18]. Examples of the 
survey scans on six representative surface are shown in Fig. S3. These 
results are consistent with the scheme shown in Fig. 3 derived from the 
QCMD data as discussed below. 

If we examine the deposition of the NPs onto a pre-adsorbed Alb 
layer (Figs. 4a, b, and c), we see that C and N values do not change 
significantly with DTO-SA and PCL NPs. This is consistent with the non- 
adsorption of DTO-SA NP onto Alb (Fig. 2a), and the reversible 
adsorption of PCL NP onto Alb (Fig. 2i) deduced based on QCMD data. 

There is noticeable increase in C and a large decrease in N with PPO NP. 
This shows that PPO NP is the topmost layer and this adsorption of PPO 
NP onto the Alb layer is consistent with the QCMD results (Fig. 2e). 

In the deposition of the NPs onto a pre-adsorbed Fg layer, in contrast, 
we see marginal changes in the composition at the surface (Figs. 4a, b, 
and c). There is a small increase in C and a small decrease in N with DTO- 
SA NP, a larger decrease with PPO NP, and no change with PCL NP. This 
suggests with DTO-SA and PPO NPs, fragments of NP might be covering 
the Fg surface or co-located with Fg, and very little interaction between 
PCL NP and Fg. For the most part there is no adsorption of Fg as deduced 
from the QCMD data (Figs. 2b, f, and j). 

We now examine the adsorption behavior when the sequence is 
reversed such that protein is adsorbed onto the pre-adsorbed NP layer 
(Figs. 4d, e, and f). With Alb, we see little change in either C or N content 
at the surface DTO-SA and PPO NPs, indicating that Alb does not interact 
with these adsorbed NPs. However, with PCL NPs, we see that C de
creases and N increases. This, combined with the QCMD data (Fig. 2j), 
suggests that Alb displaces PCL NPs. With Fg, there is a large decrease in 
C and an increase in N when DTO-SA NPs are adsorbed onto the surface 
first. There are similar, but smaller, changes with PCL NP. This suggests 
that Fg is adsorbed on top of the DTO-SA and PCL NPs. In contrast, very 
little change in both the C and N content with PPO NPs shows little 
interaction of Fg with this NP. 

3.3. SAXS 

SAXS data are presented in Fig. 5 in the form of pair distribution 
functions, P(r), which represent the shape and the size of the particle 
[35]. The P(r) functions for the two proteins are similar to that reported 
in the literature, extending to <100 Å for Alb [36], and >500 Å for Fg 
[37]. The P(r) functions suggest DTO-SA NP to be a compact globular 
particle, PPO NP to be a disc, and PCL NP to be a cylinder [35]. These 
differences are expected in micellar structures and are determined by 
the distribution of the hydrophobic segments in the core and PEG chains 
in the shell [35]. The P(r) functions of the mixtures can be interpreted as 
a superposition of the P(r)s of the NPs and proteins. This suggests very 
little interaction between the NPs and the proteins, except perhaps in the 
case of PCL NP and Fg. 

Fig. 4. Top row: Protein followed by NP. (a) C1s. (b) N1s. (c) O1s. Bottom row: NP followed by protein. (d) C1s. (e) N1s. (f) O1s.  
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4. Discussion 

The particles, i.e., adsorbates in our experiments, are immobilized by 
being adsorbed onto a hydrophobic surface; their binding to the sub
strate is sufficiently strong that they do not come off when rinsed with 
the buffer. An important finding in our work is that the interactions 
between two adsorbates near a surface depends on which one is adsor
bed first. When a second adsorbate is allowed to be deposited after the 
first species has been adsorbed onto the substrate, we can envision one 
or more of the following six scenarios. The second adsorbate: (1) simply 
flows by without interacting with the adsorbed layer of the first species 
(e.g., NPs onto Fg); (2) is irreversibly adsorbed onto the layer of first 
adsorbate, which in some instances results in asymmetric behavior (e.g., 
PPO NP onto Alb and Fg onto DTO-SA NP); (3) is first adsorbed but then 
comes off upon rinsing via reversible adsorption (e.g., PCL NP onto Alb); 
(4) displaces the first adsorbate via complex formation via the Vroman 
effect (e.g., Alb displacing PCL NP); (5) is adsorbed and co-locates 
alongside the first adsorbate via surface remodeling (e.g., PCL NP onto 

Fg); (6) adheres to the pre-adsorbed adsorbate, but then carries this 
fragment away without staying adsorbed via ablation (e.g., Alb and Fg 
onto PPO NP). Note that although the Vroman effect was postulated to 
explain the behavior of plasma proteins, we are invoking it to explain 
the behavior of NPs as well [38]. There is no reason why nanoparticles, 
which are similar to proteins in size and, to some extent, surface charge 
distribution, should not exhibit the same behavior as proteins. All these 
types of behavior appeared to be present in our experiments as indicated 
in Fig. 3. We will attempt to explain these different modes of interactions 
in terms of the relative strengths of the pairwise interactions between 
the adsorbates and the hydrophobic substrate, the immobilized adsor
bates and the molecules in solutions, and the adsorbates and the buffer 
medium. 

The three NPs (~1000 kDa) used in this study have a similar hy
drophilic PEG shell but have different hydrophobic core segments: DTO- 
SA that makes the core crystalline even in solution [17], PPO that makes 
the core amorphous, and PCL that is known to be crystalline when 
lyophilized [39], or dried [40]. Differences in the deployment of PEG 

Fig. 5. SAXS data presented as pair distribution functions. Micelles are of different shapes; a sphere for DTO-SA NP, a disc for PPO NP, and a cylinder for PCL NP.  
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from the core of the NPs could affect the hydration layer, and thus in
fluence protein adsorption. PCL is a diblock copolymer while PPO and 
DTO-SA are triblock; we do not expect this to significantly affect the 
adsorption characteristics and the interaction with proteins. The geo
metric or physical particle diameter of the NPs measured by small-angle 
x-ray scattering (SAXS) is similar at ~35 nm. The hydrodynamic 
diameter measured by DLS, which includes the hydrated shell, is much 
larger and also similar in all the three NPs, 40–50 nm [18]. Alb and Fg 
are the two plasma proteins used in this study. Alb (~66 kDa) can be 
modeled as a triangular prismatic solid of dimensions 3.15 × 8.4 × 8.4 
× 8.4 nm [41], which is slightly smaller than the core of the NPs studied 
here (~10 nm). Fg (~ 342 kDa) can be modeled as a trinodular rect
angular prism of size 1 × 6.5 × 46 nm [42], whose length is greater than 
the geometric diameter of the NPs (35 nm). The nodules at the ends are 
about the size of the core of the NPs. Differences in the size and the ratio 
of hydrophobic and hydrophilic groups on the surfaces of these two 
proteins contribute to the observed differences in adsorption behavior 
and their effect on the structure of the NPs. Because all the three NPs 
have a PEG outer layer, they all are hydrophilic. The two proteins used 
here are also hydrophilic. Thus, we do not expect large differences in 
surface energies (air-water contact angle) of the NP and the protein 
layers. Although the primary driving force is hydrophobic interactions, 
there are sufficient hydrophobic and hydrophilic residues on all faces in 
both proteins for them to be adsorbed onto hydrophilic, hydrophobic, 
and charged surfaces at several angles of approach [43]. 

QCMD data provides information about changes in the adsorbed 
mass and its viscoelastic properties. Interpretation of these data to 
identify the species that is adsorbed onto the substrate can be ambig
uous. We are relying on XPS data to remove some of these ambiguities. 
However, XPS data are obtained in ultrahigh vacuum, while the QCMD 
experiments are carried out in aqueous media. This does not present a 
problem if only one species is being adsorbed and evaluated. The 
assumption in comparing the data from sequentially adsorbed species is 
that, although the adsorbates do deform upon drying and in vacuum, the 
second species to be adsorbed does not change places with the first; such 
changes would have occurred during the QCMD run. 

4.1. Asymmetrical adsorption 

If the adsorption to the substrate and other adsorbates were passive, 
then the resulting frequency shifts would be independent of the 
sequence in which the adsorption is carried out. An important finding 
from the QCMD data, and confirmed by XPS measurements, is that in all 
but two instances, (Alb paired with DTO-SA and Fg paired with PPO), 
the outcome depends on the sequence in which NPs and proteins they 
are adsorbed: (1) Fg binds to pre-adsorbed DTO-SA NP, but the opposite 
is not true. PCL NP also shows similar behavior; (2) PPO binds to pre- 
adsorbed Alb, but the opposite is not true. This asymmetric or 
sequence-dependent adsorption behavior is observed even between the 
NPs (Fig. S1). Note that the asymmetric adsorption behavior is observed 
only when the adsorbates bind to each other in some form. We attribute 
these characteristics to the immobilization and subsequent deformation 
and conformational changes of the adsorbates. The adsorption behavior 
is symmetric or bidirectional when there is no interaction between the 
adsorbates as in DTO-SA NP with Alb and PPO NP with Fg. The inter
action between PCL NP and Alb follows Vroman behavior in that Alb 
with a stronger affinity to the substrate displaces PCL NP while PCL NP 
reversibly adsorbs onto pre-adsorbed Alb. 

One of the questions that arises in the discussion of sequence- 
dependent adsorption is whether the species of adsorbates that arrive 
later interact with the layer of the first particle or, if the first adsorbate 
does not completely cover the surface, with the underlying hydrophobic 
polymer (E0000). Proteins are known to completely cover the surface, 
and it is unlikely that the larger NPs can find free spaces between the 
proteins to interact with the underlying substrate. Since there is a pos
sibility that the NPs may not cover the complete surface [18], when the 

sequence is reversed such that  protein comes after the deposition of the 
NPs, proteins could interact with the substrate Even if the NPs did cover 
the surface, proteins are small enough to fall between the spaces of the 
NPs to contact and adsorb to the underlying surface. Our data show this 
is not happening. Alb is known to adsorb onto E0000 [26], but in the 
data presented here, it does not adsorb onto the surface preabsorbed 
with DTO-SA and PPO NPs. Similarly, Fg adsorbs onto E0000 surface 
[44], but it does not adsorb onto the surface preabsorbed with PPO NP. 
Thus, there is no evidence that the proteins are interacting with un
derlying hydrophobic E0000 substrate, even if the coverage by NPs is 
incomplete. The interaction of the Fg or Alb with the pre-adsorbed NP 
layer appears to be different from that between the NPs and the pre- 
adsorbed Fg or Alb. Thus, the interactions between proteins and NPs 
when one of the species is adsorbed onto a substrate, or in practice to a 
tissue or a scaffold, cannot be predicted from their behavior in solution. 

4.2. Conformational changes and deformation 

In the three instances in which the later-arriving species irreversibly 
adsorbs onto the layer of adsorbates already on the substrate (d, e, and l 
in Figs. 2 and 3), the final thickness of the two adsorbed layers is close to 
being additive only when Fg is adsorbed to PCL NP. In the other two 
instances, when Fg is adsorbed onto DTO-SA NP and when PPO NP 
adsorbs onto Alb, the increase in thickness is less than the size of Fg and 
PPO NP, respectively. Since the deposition always reaches a plateau 
quickly, it is unlikely that there is partial adsorption of the second 
species. This suggests that the smaller total thickness is due to remod
eling of the two deposited layers, a process in which the either or both 
the molecules undergo deformation. Large conformational changes of 
the adsorbates that occur as they are adsorbed onto substrates have been 
reported [11,13]. Proteins tend to spread upon adsorption [45,46]; their 
footprint depends on the adsorbed surfaces [11] and is higher on hy
drophobic surfaces since the primary driving force for protein spreading 
is hydrophobic interactions between the protein and the substrate [43]. 
Deformation of the NPs upon adsorption has also been reported [18]. 
When NPs deform upon adsorption, the accompanying redistribution of 
the PEG chains and possible disassembly determines the hydrophobic- 
hydrophilic balance of the surface exposed to the incoming proteins. 
In some instances, it appears that the NP is fragmented and carried away 
by the incoming protein, resulting in a loss of mass; this is especially true 
in the case of PPO NP that binds to Alb and Fg. 

Given the above discussed changes in the conformation upon 
adsorption, one would expect a different outcome when the sequence is 
reversed. Therefore, the asymmetry in the interactions reported in the 
previous section occurs because the NPs and proteins deform when they 
are adsorbed from solution either onto the pre-adsorbed protein and NP 
layers, respectively, or onto the hydrophobic E0000 surface. 

4.3. Sequential adsorption mechanisms 

It has been proposed that when multiple species are competing for 
adsorption onto a surface, the interaction between the species occurs in 
four stages: (1) an initial layer is formed from the first species to be 
adsorbed; (2) the second species to be deposited embeds itself into the 
initial layer forming a “transient complex”; (3)_the second adsorbate, 
either protein or NP, binds to the first species and causes its orientation 
and possibly conformation to change, exposing the first layer to solution; 
(4) this triggers desorption of the first species, allowing the species with 
higher affinity to be adsorbed resulting in a surface that is enriched with 
the second species [47]. Thus, strong interaction or complex formation 
between the arriving and the adsorbed species is a prerequisite for 
resolving the paradox of how the second protein “knows” its affinity to 
the substrate is higher than that of the first protein that completely 
covers the substrate, as suggested by the Vroman effect, e.g., Alb dis
placing PCL NP [48,49]. The complex formation could also account for 
the proposed adsorption and co-location of the NP alongside Fg, or when 

M. Maniar et al.                                                                                                                                                                                                                                



Biophysical Chemistry 302 (2023) 107098

8

pre-adsorbed NP is fragmented by Fg. 

4.4. Influence of NPs structure 

Drug release from polymeric NPs is governed by their adsorption 
onto cell membranes and transmigration across cell walls. These steps 
are influenced by their interactions with proteins near the cells. The goal 
of this work was to understand these interactions, and hence the 
adsorption behavior of NPs and proteins onto substrates such as cell 
walls. The mechanics of such adsorption is a determined by pairwise 
interactions among the NPs, proteins and the substrate. Since the ma
jority of NPs have a PEG shell, the expectation is that their interactions 
with proteins are similar, and that proteins in general would not adsorb 
onto the them [50]. The interactions of the NPs with proteins in the 
environment, which determine the composition of the protein corona 
around the NPs, are presumed to be determined by the chemical 
composition of the NPs' shells, for instance on the density of PEG chains 
[9]. But our data from three NPs with a similar PEG shell but different 
cores show that the core can modulate the NP-protein interactions. 
Similar observations have been made by studying core-crosslinked 
polymeric micelles [51]. These interactions near surfaces could be 
determined by the integrity of the NPs and how the PEG segments are 
deployed from their core segments. Most significantly, these differences 
in the interactions of the NPs seem to occur only with immobilized ad
sorbates; X-ray scattering data show little interaction between the NPs 
and the protein pairs when they are in solution (Fig. 4). This has im
plications on the NP assays because of the potential adsorption of the 
NPs onto glass and plastic surfaces during testing. More importantly, this 
indicates that solution data may not explain the adsorption measure
ments made on substrates that mimic the cell surfaces using techniques 
such as QCMD, surface plasmon resonance, ellipsometry, and x-ray or 
neutron reflectometry and may not be relevant to understanding the 
molecular interactions near substrates. 

4.5. Implications for drug release 

Poor delivery efficiency is one of the reasons why even after decades 
of research nanotechnology has not yet significantly improved drug 
delivery [52]. Only 0.7% (median) of the administered NP dose is found 
to be delivered to a solid tumor, resulting in a need for excess NP 
administration that causes higher costs, limited stability, and side effects 
due to the presence of the 99% of particles that do not deliver drug [14]. 
It has been suggested that size, shape, stiffness and surface functional
ization, the ‘4S’ parameters, play important roles in the transport of the 
NPs to tumor sites [16]. There have been efforts to control deformation 
by stabilizing the NPs, specifically by preventing premature disinte
gration of polymeric micelles, by crosslinking the core of micellar par
ticles to improve their in vivo stability [51]. We show here that a 
knowledge of the stability of the micellar structure as it interacts with 
surfaces, cell membranes, and proteins is important in the design of NPs. 
An understanding of the mechanisms of deformation and possible sub
sequent dissociation of the NPs during their interaction with serum 
proteins and cell membranes is useful in developing methods to increase 
the delivery efficiency [16]. 

5. Conclusions 

There could be as many as six modes of interactions between the 
adsorbed species and the later arrivals: no interaction, adsorption 
(reversible and irreversible), displacement, co-location, and ablation. 
Proteins and NPs deform upon adsorption onto substrates. As a result, 
the core of the NPs can modulate the deformation and thereby the 
interaction with proteins. Thus, solution studies may not reflect the 
interparticle interactions that occur near surfaces. Immobilization of 
adsorbates affects their interactions with other molecules that arrive 
later. Symmetrical interaction is not always observed, i.e., adsorption of 

one species onto another during sequential adsorption depends on the 
order in which these events occur. Displacement of pre-absorbed ad
sorbates, as per the Vroman effect generalized to include nanoparticles 
beyond the original application to plasma proteins, can be explained by 
changes in their conformation by adsorbates that arrive later and 
weaken the interactions between the first-adsorbed species and the 
substrate. Deformation and conformational changes of the adsorbates is 
also one of the reasons why the Vroman effect does not account for all 
the observed adsorption behaviors. 
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