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polymeric micelles by colorectal cancer cells†
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Protein corona formation on nanoparticles affects their biological interactions and fate. Polymeric micelles

(PMs), preferred nanocarriers for poorly water-soluble drugs, have unclear behaviors in biological

environments. This study examines the protein corona compositions of PMs formed from poly(ethylene

oxide)-block-poly(3-caprolactone) (PEO–PCL) and PEO-block-poly(a-benzyl carboxylate-3-

caprolactone) (PEO–PBCL) copolymers with varying degrees of polymerization after incubation in

human plasma, and explores their relationship with cellular uptake by colorectal cancer cells. Traceable

block copolymers were synthesized, self-assembled into PMs (44–99 nm, slightly negative zeta

potentials), and characterized. Protein coronas were formed by incubating PMs with human plasma;

protein-coated micelles were separated and analyzed. Uptake of selected PMs, with and without human

plasma pre-incubation, by colorectal cancer cells was assessed. PEO–PCL micelles exhibited higher

cellular uptake than PEO–PBCL micelles. Human plasma significantly reduced the uptake of PEO–PCL

micelles, while PEO–PBCL micelles' uptake remained low. Proteomic analysis identified 23 distinct

proteins among the combined top 20 most abundant proteins from each PM corona, with 18 common

across all micelle types. In the top 10 proteins, PEO–PCL micelles shared an identical profile, whereas

PEO–PBCL micelles had two unique proteins not present in PEO–PCL coronas. Protein corona

composition in both PMs was shown to influence their cellular uptake behavior.
Introduction

Biodegradable polymeric micelles (PMs), have been extensively
studied as vehicles for drug delivery.1 Polymeric micelles are
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formed by the self-assembly of amphiphilic block copolymers in
an aqueous environment, resulting in a core–shell structure,
where the hydrophobic core acts as a nano-reservoir for the
therapeutic agents, and the hydrophilic shell interfaces the
media.2,3 These systems enhance the solubility, stability, and
pharmacokinetics of poorly water-soluble drugs.4–6 The phar-
macokinetics and biodistribution of their encapsulated cargo
can be inuenced by several factors, including the physico-
chemical properties of the PMs, such as size, size distribution,
morphology, thermodynamic and kinetic stability, and the
payload release rate. An important phenomenon in this context
is the formation of the protein corona and its composition.7

Upon introduction of nanocarriers into the bloodstream,
depending on their structure, different plasma proteins are
rapidly adsorbed onto the surface of nanocarriers, forming
a coating known as the protein corona.8,9 This is a dynamic
process that begins with the adsorption of the most abundant
proteins, which are oen replaced over time by proteins with
higher binding affinities—a phenomenon referred to as the
Vroman effect.10,11 The composition and structure of the protein
corona are inuenced by various factors, including the size,12–15

shape,16 surface chemistry,17 hydrophobicity, and charge13,14,18

of the nanocarriers, as well as the characteristics of the bio-
logical environment.15 The protein corona is oen described as
Nanoscale Adv., 2025, 7, 4929–4946 | 4929
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a unique ngerprint for each nanoparticle type,19,20 and plays
a critical role in dening the biological identity of nanocarriers
and how nanocarriers are perceived by different components of
the biological environment.21 This identity directly impacts
critical biological processes, such as cellular uptake, circulation
lifetime, clearance, and targeting capacity of nanocarriers.22 For
example, proteins in the corona shell can interact with specic
cell receptors (e.g., integrin),13 guiding nanoparticles uptake by
particular cells or tissues. Moreover, protein corona can also
cause unintended interactions such as rapid clearance or off-
target effects, potentially compromising the effectiveness of
the nanocarriers.23,24

In the past two decades,25 several studies have been carried
out to understand the protein corona formed on
nanocarriers26–28 including polystyrene, poly(lactide-co-glyco-
lide), and metallic nanoparticles.29 Despite signicant progress
in characterizing the protein corona of some polymer-based
nanoparticles,30 several gaps remain in understanding the
relationship between the structure of polymers making the
nanoparticles and their protein corona prole as well as the
ultimate effect of protein corona composition on the extent and
kinetics of nanoparticle uptake by their target cells. Both PEO–
PCL and PEO–PBCL micelles have attracted attention as
potential nanocarriers, mainly due to their biocompatibility,
biodegradability, and high payload encapsulation efficiency.31–38

In a previous study, Garg et al.39 briey investigated how the
degree of polymerization (DP) or chain length of the core-
forming blocks in PEO–PCL and PEO–PBCL micelles inu-
enced the extent of protein adsorption following exposure to
fetal bovine serum (FBS). However, a detailed analysis of the
protein corona or its impact on cellular uptake of PMs was
beyond the scope of their study and, therefore, was not inves-
tigated in detail. Another study by Li et al.30 investigated the
effect of FBS on the cellular uptake of PEO–PCL nanocarriers
with increasing PCL lengths, but their protein corona proles
were not analysed. In the current study, we conducted
a comprehensive investigation of the effect of the core-forming
Table 1 Characteristics of the PEO-b-PCL and PEO-b-PBCL di-block c

Block copolymer PEO114–PCL19 PEO114–PCL43 PEO114–P

Denoted by PCL19 PCL43 PCL64
DP (degrees of polymerization)
of the hydrophobic block

19 43 64

MW of the of the
hydrophobic block

2166 4902 7616

MWa (g mol−1) 7166 9902 12 616
Mn

b (g mol−1) 6918 8595 12 335
Dispersity (Đ = Mw/Mn) 2.331 1.268 1.316
Fraction of PEO,
fEO [fEO = MWPEO/MWentire]

0.70 0.50 0.4

Cy5.5 conjugation efficiency (%) 15.6 � 2.3 20.8 � 3.4 22.4 � 1
Average diameter by DLS (nm) 99 � 0.79 68 � 0.49 63 � 0.2
PDI 0.18 0.29 0.12
Average diameter by TEM (nm) 15.7 � 7.5 26.7 � 20.3 27.9 � 1
Zeta potential (ZP) (mV) −9.3 � 0.7 −16.5 � 0.2 −16.4 �
a From 1H NMR. b From GPC.

4930 | Nanoscale Adv., 2025, 7, 4929–4946
block on the protein corona composition of PEO–PCL and PEO–
PBCL micelles of dened DPs in their hydrophobic core-
forming blocks. Moreover, the interplay between polymer
structure, protein corona composition, and uptake of PEO–PCL
as well as PEO–PBCL micelles by colorectal cancer (CRC) cells
was assessed. CRC is a molecularly heterogeneous cancer.
Proling the protein corona of nanomedicine-based treatments
for colorectal cancers (CRCs) is crucial for identifying optimized
nanocarriers, enabling improved treatment outcomes in CRC
patients through precision medicine.
Results
Characterization of synthesized block copolymers

We investigated a total of seven block copolymers containing
hydrophilic PEO blocks (DP 114, MW 5000 Da) and either PCL
or PBCL hydrophobic blocks of different chain lengths. The
characteristics of prepared block copolymers in terms of DP of
the hydrophobic block, and molecular weight (MW) as analysed
by 1H NMR (MW) and GPC (Mn), dispersity (Đ), and conjugation
efficiency of the Cy5.5 dye to the block copolymers are reported
in Table 1. In this table and throughout the manuscript, block
copolymers were denoted based on their hydrophobic block
segment, followed by their corresponding DPs. The DP of a-
propargyl carboxylate-3-caprolactone (PCC) in PEO–PCL–PCC
and PEO–PBCL–PCC tri-block copolymers aer end-capping
with PCC was determined from the 1H NMR and was found to
be 3 in all the seven block copolymers under study. The dis-
persity (Đ) of PBCL-containing block copolymers decreased with
an increase in the DP of the hydrophobic segment of the block
copolymer. However, no such trend was observed for PCL-
containing block copolymers.
Characterization of PMs

Four micelles that are prepared from the PEO–PCL block
copolymers (PEO114–PCL19, PEO114–PCL43, PEO114–PCL64, and
PEO114–PCL79) are denoted as PCL19, PCL43, PCL64, and
opolymers and micelles under study

CL64 PEO114–PCL79 PEO114–PBCL19 PEO114–PBCL35 PEO114–PBCL60

PCL79 PBCL19 PBCL35 PBCL60
79 19 35 60

9059 4712 8620 14 788

14 059 9712 13 620 19 788
14 775 9115 12 288 21 770
1.74 2.159 1.899 1.426
0.36 0.51 0.37 0.25

.4 23.9 � 0.4 27.5 � 2.8 21.7 � 2.4 52.2 � 0.9
9 44 � 0.38 45 � 0.35 83 � 0.18 66 � 0.37

0.17 0.22 0.15 0.28
1.2 32 � 15.7 15.7 � 7.5 30.9 � 7.4 29.6 � 8.4
1 −21.1 � 0.4 −5.4 � 0.1 −10.84 � 0.6 −11.92 � 0.7

© 2025 The Author(s). Published by the Royal Society of Chemistry
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PCL79, respectively, throughout the manuscript. Similarly,
micelles from the PEO–PBCL block copolymers (PEO114–

PBCL19, PEO114–PBCL35, and PEO114–PBCL60) are denoted as
PBCL19, PBCL35, and PBCL60, respectively. The average size of
micelles containing PCL blocks decreased signicantly as the
DP of the PCL block increased (Fig. S1†). The zeta potential
values of the PMs were slightly negative. A strong correlation
was observed between the DP of the core-forming blocks of the
polymers and the zeta potential of the corresponding micelles
(Fig. S2†). Specically, as the DP of the core-forming hydro-
phobic block increased, the zeta potential of the micelles
became more negative.

The transmission electron microscopy (TEM) images of the
polymeric micelles in Fig. 1 show worm-like or rod-like
morphologies for PCL19 and PCL43, spherical morphologies
for PCL64, PCL79, and PBCL19, while PBCL35 and PBCL60
displayed a mixture of spherical and rod-like structure. The
dark spots visible in PCL19 are staining artifacts usually resul-
ted from the variations in sample drying. Similar to our obser-
vations with the DLS measurements, the average sizes
measured by TEM showed to signicantly increase with
increasing the DP of the hydrophobic blocks in the PEO–PCL
micelles. This trend was not observed for PEO–PBCL micelles.
Fluorescent labeling of PMs through Cy5.5-conjugation

Cy5.5 conjugation efficiency was between 15.6± 2.3 (for PCL19),
and 52.2 ± 0.9 (PBCL60). The remaining polymers exhibited
similar conjugation efficiencies ranging between 20.8 ± 3.4 and
27.5± 2.8. The composition of PMs for each polymer is listed in
Table S1.† Most of the PMs under study did not exhibit
a signicant release of Cy5.5 dye when incubated in DMEM
media for 24 h, with the exceptions being PCL19 and PBCL19
micelles, as illustrated in Fig. S5.† These micelles demonstrated
a release of 18 and 7.6% of the dye under these conditions,
respectively. These two polymers were further studied for a 6 h
release period, where PCL19 and PBCL19 revealed no notable
dye release during the 6 h release period in media (Fig. S5†).
Fig. 1 Transmission electron microscopy (TEM) images of PMs made fro
each image indicates a scale of 100 nm.

© 2025 The Author(s). Published by the Royal Society of Chemistry
This evidence indicates the Cy5.5 uorophore conjugated to the
block copolymers remains attached to them to make the PMs
traceable within the duration of the cell uptake study. In other
words, the uorescence observed in the cellular uptake experi-
ments can be attributed to the uptake of the PMs by the cells
rather than the uptake of free Cy5.5 dye.

In vitro uptake by CRC cells in culture media with 10% FBS

HCT116 and SW620 cells were used in the study. HCT116 is
derived from a primary colorectal cancer, with aggressive
growth and doubling time between 20–24 hours,40 while SW620
is derived from lymph-nodes metastasis, mimicking the
behavior of metastatic and chemo-resistant cancer cells, which
are critical targets for advanced drug delivery systems.41 These
two cell lines are oen used as model cell lines for studying the
cellular uptake of nanoparticles.

In general, PEO–PCL micelles showed higher cellular uptake
in terms of median uorescence intensities (MFI) compared to
PEO–PBCL micelles in both cell lines under study (Fig. 2 and
S6†). Although no specic correlation between the core-forming
block lengths of PEO–PCL micelles and cell uptake could be
drawn, both HCT116 and SW620 cell lines showed signicantly
higher uptake of PCL19micelles. Overall, cell uptake was higher
aer 24 h compared to 6 h incubation for all PCL-containing
PMs.

For PBCL micelles, as the DP of the hydrophobic blocks
increased, their cellular uptake signicantly decreased in both
cell lines. Uptake by the HCT116 cell line was higher than the
SW620 cell line. Additionally, PEO–PBCL micelles showed
a negligible difference in cellular uptake between 6 and 24 h
incubation times in FBS-containing medium in both cell lines.

In vitro cellular uptake in the presence and absence of human
plasma

In this study, our objective was to analyse the protein corona
formed around the polymeric micelles aer incubation with
human plasma and study their cellular uptake behavior to
m block copolymers under study. The bar in the bottom left corner of

Nanoscale Adv., 2025, 7, 4929–4946 | 4931
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Fig. 2 Cellular uptake of Cy5.5-labelled PEO–PCL and PEO–PBCL micelles after (A) 6 h and (B) 24 h by HCT116, (C) 6 h, and (D) SW620 cells in
FBS-containing media (solid bars and checkered bars show 6 h and 24 h treatments, respectively). Data from three independent experiments
were compared by one-way ANOVAmultiple comparison test following Tukey's method (*p# 0.05, **p# 0.01, ***p# 0.001, ****p# 0.0001).
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investigate if the variation in the proteins isolated from the
specic micelles impacts the cellular uptake pattern. For this,
we selected three specic micelles—PCL6, PCL79, and
PBCL19—to study their cellular uptake behavior in the presence
and absence of human plasma. These same micelles were
selected for in-depth protein corona studies. The primary
selection criterion for these micelles was the ability to obtain
accurate and robust characterization of their protein corona.
Our results using the FFF approach demonstrated that the data
for these three formulations are reliable, as other compounds
exhibited micelle aggregation during protein corona formation,
indicating that the selected PMs produced consistent and
trustworthy protein corona proles. The other four micelles
were excluded because of forming aggregates or displaying
random coil shapes during preliminary FFF analysis (Fig. S7
and S8 of the ESI†), making them unsuitable for accurate
protein corona characterization. We used pooled human
plasma as it avoids consideration of personalized plasma
protein variation and therefore can provide more reliable
results for the purpose of this study. Besides, it provides a closer
approximation of the in vivo conditions compared to serum,
4932 | Nanoscale Adv., 2025, 7, 4929–4946
enabling more accurate predictions of nanoparticle behavior
inside the body in terms of protein corona formation in
plasma.42 The PEO–PCL micelles incubated with pooled human
plasma during the cell uptake study showed a signicant
reduction in uptake compared to plasma-free culture media in
both cell lines (Fig. 3).

In contrast, PBCL19 micelles did not show any signicant
difference in cellular uptake, irrespective of the presence or
absence of human plasma in either cell line. The cell uptake for
PEO–PBCL micelles remained low in both cell lines with or
without incubation with human plasma. Overall, uptakes in
24 h treatments were higher than 6 h treatment for PEO–PCL
micelles in both cell lines. For PBCL19micelles, 24 h uptake was
higher in HCT116 cells, but no signicant difference was
observed in SW620 cells compared to the 6 h.
Characteristics of the protein corona on the PMs

Isolating protein corona-coated PMs using standard centrifu-
gation techniques proved challenging due to the similarity in
density between the coated PMs and the protein source from
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Uptake of Cy5.5-labelled PEO–PCL and PEO–PBCLmicelles by HCT116 cells (A and B); SW620 cells (C and D) following 6 h (A and C) and
24 h (B and D) incubation in the presence (red) and absence (green) of human plasma. The solid bars and checkered bars indicate 6 h and 24 h
incubation periods, respectively. Data from three independent experiments were compared by two-way ANOVA multiple comparison test
following Tukey's method (*p # 0.05, **p # 0.01, ***p # 0.001, ****p # 0.0001).
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human plasma.43 This density similarity hinders effective
separation, as both the PMs and plasma proteins sediment at
comparable rates during centrifugation. Moreover, our initial
centrifugation attempts resulted in signicant aggregation of
the PMs, which not only complicates their isolation but also
risks contamination with unbound proteins. Aggregation can
alter the surface properties of PMs, affecting their subsequent
analysis and reliability of results.

To overcome these challenges, we employed asymmetrical
ow eld-ow fractionation (FFF). This technique allows for
gentle and efficient separation of nanoparticles based on their
hydrodynamic size without inducing aggregation.44 FFF not
only provided robust analysis of the PMs' colloidal stability but
also facilitated the collection of protein corona-coated PMs for
detailed protein composition analysis.

Aer conducting preliminary FFF analysis on various PM
samples (Fig. S7 and S8 of the ESI†), we selected three specic
micelles—PCL64, PCL79, and PBCL19—for in-depth protein
corona studies. These micelles were chosen primarily because
they exhibited a consistent spherical morphology, as conrmed
by TEM images presented in Fig. 1. Other samples were
excluded because they either formed aggregates or displayed
© 2025 The Author(s). Published by the Royal Society of Chemistry
random coil shapes during analysis, making them unsuitable
for accurate protein corona characterization due to potential
inconsistencies in surface area and protein binding sites.

Fig. 4 illustrates the elution proles of both bare PMs (le
panels) and protein corona-coated PMs (right panels). Notably,
the elution times differed between the bare and coated PMs,
indicating an increase in hydrodynamic size due to the
adsorption of proteins onto the PM surface.

To further elucidate the composition of the protein corona,
we selected representative fractions from the initial, middle,
and nal elution times for LC-MS analysis (see Fig. S7 and S8†).
The results, summarized in Fig. 5, revealed distinct protein
patterns across the fractions. The middle fractions—associated
with the protein corona-coated PMs—displayed remarkably
similar heatmaps among the three samples, suggesting
a consistent and reproducible protein corona formation.
Detailed protein and peptide clusters identied in these middle
fractions are provided in the ESI Excel les 1 and 2.† In contrast,
the initial fractions showed protein proles indicative of excess
unbound plasma proteins, while the nal fractions likely con-
tained aggregates or larger protein–PM complexes, as evidenced
by their divergent heatmaps.
Nanoscale Adv., 2025, 7, 4929–4946 | 4933
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Fig. 4 The FFF histograms of bare NPs (a) PCL64, (c) PCL79, (e) PBCL19, andmixture of NPs incubatedwith human plasma after injection into the
FFF over time (b) PCL64, (d) PCL79, and (f) PBCL19, respectively. Blue dots correspond to the FFF detector signal on left Y axis with the retention
time on X axis, of bare and protein corona-coated micelle, and orange dots corresponds to the right Y axis and indicate the mean radius of the
bare micelles and protein corona-coated micelle.
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Our results demonstrated the efficacy of FFF in isolating and
analysing protein corona-coated PMs without inducing aggre-
gation or contamination. By carefully selecting fractions based
on elution times, we ensured the analysis focused on mono-
disperse, spherical PMs with well-dened protein coronas. This
4934 | Nanoscale Adv., 2025, 7, 4929–4946
approach allowed us to obtain detailed insights into the protein
composition of the corona, which is crucial for understanding
the biological interactions and fate of PMs in physiological
environments.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 The hierarchical clustering of (A) PEO–PCL64, (B) PEO–PCL79 and (C) PEO–PBCL19 micelles based on the average abundances of
quantified proteins at various elution times and from different fractions (raw data is available in ESI Excel files 3 and 4†).
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We then performed a deeper analysis of proteins coronas in
the averaged middle fractions. Among the top 20 most abun-
dant proteins for each NP type, 18 proteins were shared, while
a few proteins were specic to one or two PMs (Fig. 6A). For
example, SERPING1 was only found among the top 20 proteins
in the PBCL19 corona. The 20 top proteins from the three PM
coronas comprised of 23 unique proteins, which mapped to
complement and coagulation pathways and cholesterol
metabolism (Fig. 6B) (some of the proteins were immunoglob-
ulins and were not recognized by String DB pathway analysis
tool). In Fig. 6C, we visualize the top 10 most abundant proteins
found on the surface of each PM, where PCL64 and PCL79 NPs
corona had all the top 10 most abundant proteins identical. But
two of these proteins, FGB and APOB, were absent in the
PBCL19 corona, Instead, two unique proteins, IGHG3 and
IGKC, that were not present in the PEO–PCL micelle coronas,
were found in the PBCL19 corona.

Orthogonal Partial Least Squares discriminant analysis
(OPLS-DA), which is a supervised multivariate data analysis
algorithm, was used to identify variables (here, proteins) that
differentiate between two groups (in this case, the corona pro-
teomes of different NP types). OPLS-DA can, therefore, highlight
the proteins with the largest discriminatory power between the
two groups. A detailed description of OPLS-DA can be found in
our previous work, where we used OPLS-DA to identify drug
targets, enzyme substrates and disease biomarkers.45–47 We built
OPLS-DA models separating each NP corona proteome from
others and highlighted the proteins most specically enriched
or depleted in each micelle corona (Fig. 7). On these plots, the
blue circles represent reference points for the samples and each
green circle is a protein. The proteins closest to the model
extremities along the horizontal axis or pq[1] have the largest
discriminatory power. While the proteins on the furthest right
© 2025 The Author(s). Published by the Royal Society of Chemistry
are those specically enriched on the corona of the given NP
type, those on the furthest le are proteins that are specically
depleted for the given NP type, or simply enriched to a higher
level for the other two types. Each OPLS-DA model is charac-
terized by an R2 value reecting the goodness of the model t
and a Q2 value, which represents the predictive power of the
model.48 The Q2 was only decent for PBCL19, which is probably
due to the high similarity that is noted for PCL64 and PCL79 in
Fig. 7 (the model is not capable of differentiating highly similar
samples). Collectively, the OPLS-DA models revealed the
specic enrichment or depletion of several proteins in the
corona layer of different PMs. For example, APOA4 and CFI were
enriched in the corona of PBCL19 vs. corona layers of PCL64
and PCL79, while RPL9 and ACTB were depleted.
Discussion

This study investigated PMsmade from seven block copolymers
containing hydrophilic shell-forming PEO blocks (DP 114, MW
5000 Da) and PCL or PBCL hydrophobic core-forming blocks of
different degrees of polymerization (DPs). Since the hydrophilic
PEO block lengths were constant across all polymers, a decrease
in size with increasing MW of PCL-containing polymers (as re-
ported in Table 1) could be attributed to the increased
compactness and rigidity of the micelles resulting from longer
hydrophobic blocks. The longer hydrophobic chain may be
thermodynamically more conducive for forming smaller
micelles. This is also consistent with previously reported
observations,49 that is, given a xed hydrophilic block length,
a larger hydrophobic length suggests increased polymer
hydrophobicity. This promotes a preferred polymer–polymer
interaction and tightly compacted aggregate of smaller size.50
Nanoscale Adv., 2025, 7, 4929–4946 | 4935
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Fig. 6 (A) Venn diagram showing proteins common and unique among the top 20 most abundant proteins in NP coronas. (B) KEGG pathways
enriched for the top 23 uniquemost abundant proteins found in the corona of three NP types. (C) The top 10most abundant proteins for each NP
corona are shown in the order of abundance in LC-MS analysis, (D) variation of proteins among the top 10 most abundant proteins isolated from
the corona of three NP types.
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The zeta potential values reported in Table 1, revealed that as
the DP increases for specic hydrophobic block-containing
(PCL or PBCL) PMs, zeta potential becomes more negative.
This relationship between DP and zeta potential was found to
be signicant (*p < 0.05, Fig. S2(A) and (B)†). The absolute zeta
potential values were lowest for both polymers with DP 19
(PCL19 and PBCL19), likely due to the relatively weaker stability
of these two PMs resulted from their smaller hydrophobic
blocks. It is well-known that amphiphilic block copolymers with
smaller hydrophobic blocks relative to their hydrophilic coun-
terparts result in reduced overall hydrophobicity, which leads to
the formation of less stable micelles.51,52 The increase in zeta
potential with longer hydrophobic blocks may reect the
formation of more compact PMs, driven by stronger hydro-
phobic interactions. The dispersity measured by GPC also
decreases signicantly as the DP of the PBCL blocks increases.
PBCL-containing polymers with DP 19 showed the highest dis-
persity in the GPC chromatograms (Table 1) and the lowest
colloidal stability in FFF fractograms (Fig. 4). Higher dispersity
oen implies incomplete polymerization or branching,
4936 | Nanoscale Adv., 2025, 7, 4929–4946
potentially resulting in unexpected behavior of the polymer
nanoparticles.

PEG fractions (fEO) are calculated as the ratio of the mass or
weight of PEG blocks (MWPEO) to the mass or weight of the
entire molecule (MWentire). The rod-like or cylindrical
morphologies for PMs with comparatively higher fEO observed
in TEM images (Fig. 1) are uncommon, according to many
published research ndings.53–56 For example, Lee et al.53 re-
ported that spherical micelles are dominant when the hydro-
philic fEO exceeds 0.55. When 0.45 < fEO < 0.50, cylindrical or
worm-like micelles are more likely to form. In another study by
Won et al.,57 the observation of worm-like micelles for fEO
between 0.47 and 0.59 was reported. In our study, we observed
worm-like or rod-like morphologies for fEO 0.7 and 0.5 for PCL-
containing micelles. However, Sun et al. offered a compelling
explanation for the observation of this unusual morphology,
suggesting that hydrogen bonding between the hydrophilic
block and the hydrophobic segments could promote the
formation of cylindrical and rod-like structures in micelles with
lower molecular weight core-forming blocks (Fig. 1(A) and (B)).58

The enhanced hydrophobic interactions of longer hydrophobic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 OPLS-DA models highlighting the enriched and depleted proteins in nanoparticles' protein corona.
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blocks could drive the copolymers to minimize their exposure to
water, forming more spherical micelles49 (Fig. 1(C)–(G)).

The lower size measured by TEM compared to DLS is due to
the acquirement of TEM images in a dry state, while DLS
measures the particles in a hydrated state in aqueous solu-
tions.59 Besides, DLS is extremely sensitive to large particles and
aggregates due to its intensity-weighted measurement, which
can signicantly distort the size distribution if even a few larger
particles are present.60 This can be another reason for observing
larger sizes for DLS than TEM (reported in Table 1).

Although both PCL19 and PCL43 micelles exhibit rod-like
morphology, their PDI values differ, likely reecting variations
in morphological uniformity, as observed in the TEM images.
PCL19 predominantly formed rod-like structures, whereas
PCL43 displayed a mixture of spherical and rod-like morphol-
ogies (Fig. 2A and B). This heterogeneous morphology may
account for the higher PDI observed in PCL43. Similar ndings
were reported by Nishimura et al., where larger rod-like nano-
particles (37 nm) exhibited a lower PDI (0.18) compared to
smaller spherical particles (19 nm) with a higher PDI (0.27).61
© 2025 The Author(s). Published by the Royal Society of Chemistry
In our preliminary study in the presence of FBS, we have seen
a lower cellular uptake by PEO–PBCL micelles compared to
PEO–PCL micelles, which could reect a more effective steric
barrier against uptake of PEO–PBCL micelles by CRC cells. In
general, for PEO–PCL micelles, no signicant correlation
between the DP of the PCL core and cell uptake was observed.
Although the overall cellular uptake for PEO–PBCL micelles was
quite low, uptake decreased as the DP of the PBCL block
increased, possibly due to the formation of more compact
micelles, making the steric barrier on the PBCL micelles more
effective. However, we acknowledge that it is an observation
specic to a limited number of polymers investigated here and
the conclusions made cannot be generalized. Some researchers
suggest that hydrophobicity has a signicant impact on protein
adsorption, potentially exerting a more substantial inuence
than charge.17 The adsorption of proteins may increase with the
length of the hydrophobic PBCL segment, which acts as a steric
barrier in cellular internalization; this observation was also re-
ported by Li et al.30
Nanoscale Adv., 2025, 7, 4929–4946 | 4937
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The higher cellular uptake of PMs by the HCT116 cell lines
compared to the SW620 cell line observed in the in vitro cellular
uptake study in the FBS-containing media (Fig. 2), is likely due
to the metabolic differences and distinct endocytic pathways in
the two cell lines. For example, a recent study reported that
HCT116 cells can internalize certain nanotubes via dynamin-
dependent pathways, while SW480 cells (a tumor line from
which the metastatic SW620 is derived) may use both dynamin-
and clathrin-dependent pathways.62 Besides, HCT116 cells may
uptake more nanoparticles during the cell division process,
owing to their faster proliferation rate. Such differences in the
primary internalization pathways or the phase of the cell cycle
could lead to different uptake rates between SW620 and
HCT116 cells.62

Taking all data together, it can be stated that PCL19 did not
behave in line with other PMs. Both DLS and FFF (Fig. S7(A) of
ESI†) exhibited signicantly larger sizes, with FFF indicating the
formation of large aggregates and reduced colloidal stability
compared to other polymers. TEM analysis further revealed
unusual worm-like or rod-like morphologies for PCL19
micelles. The DLS can most accurately measure the hydrody-
namic diameter of particles with a perfect spherical shape.63

The presence of non-spherical, morphologies can result in
measurement artifacts, potentially causing deviations from the
actual particle diameter.

The PCL19 micelles also showed signicantly higher cellular
uptake, which may be attributed to the rod-like morphology
that is preferentially internalized by cells compared to spherical
structures.64 The shi from spherical to rod-like micelles occurs
due to reduced stabilization from the hydrophilic segment,
causing the original spheres to fuse.58 The appearance of rod-
like structures, even at such a low DP for the hydrophobic
block, suggests that the PCL19 provides weak stabilization as
a core-forming block. Besides, the less stable PCL19 micelle
may dissociate early into their constituent block copolymers,
which could be more readily taken up by the cells, resulting in
higher uorescence intensities observed in both cell lines
(Fig. 2). The slightly reduced stability of conjugated Cy5.5 and
its leakage, as demonstrated in the 24 hour stability study in
Fig. S5(A),† may have contributed to the observed higher
median uorescence intensity (MFI) values for PCL19 micelles
compared to other PMs in the 24 hour uptake but cannot
explain the higher MFI seen at 6 h time point (Fig. 2B and D).

The slightly reduced uptake of PEO–PCL micelles by CRC
cells following 24 hour incubation with human plasma
compared to plasma free media (Fig. 3B and D) is likely due to
the higher protein adsorption that occurs during 24 hour
exposure, which provides a steric barrier against cellular inter-
nalization. This nding also agrees with previous results that
the cell uptake of nanoparticles in serum-free conditions is
higher than that seen for the same nanoparticles in serum-
containing media.22

The chemistry and DP of the polymer core-forming blocks as
well as the physicochemical properties of the PMs, contribute to
distinct protein corona compositions, which may additionally
explain the variation observed in cellular uptake. Studies have
highlighted that specic proteins constituting the corona can
4938 | Nanoscale Adv., 2025, 7, 4929–4946
interact with specic cell receptors, potentially guiding the
nanoparticles to their target cells. For example, apolipoproteins
such as ApoH, ApoA4, and ApoC3 have been identied as key
regulators of nanoparticle uptake in human mesenchymal stem
cells.65 Among the top 20 most abundant proteins analyzed
from the PMs' protein corona under study (Fig. 6A), ITIH2, PLG,
and CFH proteins isolated from PCL64 (zeta potential = −16.4
± 1) and PCL 79 (ZP = −21.1 ± 0.4) are more likely to have
a higher tendency to adsorb to negative zeta potential surfaces
than SERPING1 found in PBCL19 (ZP = −5.4 ± 0.1). The rela-
tively less negative surface zeta potential of PBCL19 micelles
compared to the PCL micelles, as reported in Table 1, can
explain this variability in the protein corona observed. PLG
(plasminogen) has regions with positive charges, particularly in
its kringle domains, known for their high affinity for lysine
residues, which could facilitate binding to negatively charged
surfaces. Fibrinogen (FGB) and APOB (apolipoprotein B) were
identied in the top 10 most abundant proteins isolated from
PCL64 and PCL79 corona but not in the PBCL19 corona (Fig. 6C
and D). The inclusion of FGB and APOB in the protein corona of
PCL64 and PCL79 PMs may signicantly enhance their inter-
actions with immune cells by engaging specic receptors and
uptake pathways. FGB and APOB have a relatively higher
tendency to attach to negative surfaces than IGHG3 and IGKC.13

Besides, previous studies show that apolipoproteins have
a higher affinity for more hydrophobic materials, which can
explain their absence in the top 10 most abundant proteins
isolated from PBCL19 corona (less hydrophobic compared to
PCL64 and PCL79).66 FGB is known to bind to integrin receptors
on the surface of various cell types, including immune cells.13

When brinogen is part of the NPs' protein corona, it can
mediate binding to these integrin receptors,13 facilitating
enhanced cellular adhesion and uptake of the NPs. The pres-
ence of FGB on PM corona layer can promote interaction of
their binding sites with integrins on cell surfaces, which might
trigger cellular uptake pathways such as endocytosis and facil-
itate further internalization. APOB is a primary component of
low-density lipoproteins (LDL)67 and is recognized by LDL
receptors on the surface of many cell types, including liver cells
and some cancer cells. Nanoparticles with APOB in their protein
corona canmimic LDL particles, promoting uptake via receptor-
mediated endocytosis through LDL receptors.

While the inherent physicochemical properties of the poly-
meric micelles are primary determinants of cellular uptake, the
composition of the adsorbed protein corona—particularly the
enrichment of brinogen (FGB) and apolipoprotein B (APOB)
on the PCL micelles in this study—can further modulate these
nanoparticle–cell interactions following plasma exposure. The
presence of specic proteins like FGB and APOB in the corona
may introduce additional mechanisms for cellular association
and internalization, for instance, by engaging cell surface
receptors such as integrins or LDL receptors, respectively,
thereby inuencing the overall uptake prole. It is important to
emphasize that these corona components are not proposed as
the sole determinants of the observed differences in cellular
uptake. Rather, it is more likely that specic adsorbed proteins,
such as FGB and APOB, together with the intrinsic
© 2025 The Author(s). Published by the Royal Society of Chemistry
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physicochemical attributes of the PEO–PCL micelles, poten-
tially synergistically inuenced cellular internalization. Never-
theless, in the context of CRC cells understudy, the presence of
FGB and APOB in the protein corona composition of PEO–PCL
micelles, seemed to have a negative effect reducing the uptake
and internalization of these nanocarriers by the target cells. We
acknowledge that a more extensive analysis, incorporating
a broader range of PEO–PBCL (and PEO–PCL) micelles could
strengthen our conclusions, and we plan to incorporate broader
datasets in future studies to better delineate the relative
contributions of corona composition and intrinsic physico-
chemical properties.
Experimental
Materials

Methoxy-polyethylene oxide (PEO) (average molecular weight of
5000 g mol−1) and 3-caprolactone were purchased from Sigma
(St. Louis, MO) and extra puried in-house by vacuum distilla-
tion. a-Benzyl carboxylate-3-caprolactone and a-propargyl
carboxylate-3-caprolactone monomers were synthesized by
Alberta Research Chemicals Inc. (Edmonton, Canada) accord-
ing to a previously published procedure.38,68,69 Stannous octoate
was purchased from MP Biomedicals Inc. (Tuttlingen, Ger-
many) and puried by vacuum distillation. Copper(II)–TBTA
complex and Cy5.5-azide were acquired from Lumiprobe (Hal-
landale Beach, FL, USA). Cell culture media DMEM, fetal bovine
serum (FBS), and penicillin–streptomycin-L-glutamine were
purchased from GIBCO, Life Technologies Inc. (Burlington, ON,
Canada). Spectra/Por dialysis tubing (MWCO, 1 kDa and 3.5
kDa) was purchased from Spectrum Laboratories (Rancho
Dominguez, CA). All other chemicals were reagent grade. Costar
black polystyrene round bottom 96-well plates were obtained
from Corning Inc (Kennebunk, ME), and TC sterile 6-well plates
were purchased from Sarsted (Germany). HCT116 (CCL-247)
and SW620 (CCL-227) cells were obtained from American Type
Culture Collection (ATCC). Pooled healthy human plasma was
purchased from Innovative Research (Novi MI, USA, Cat#
IPLAWBK2E50 ML). Protein physicochemical properties (e.g.
theoretical isoelectric points (pI)) were calculated using the
ExPASy Compute pI/Mw tool [(https://web.expasy.org/
protparam/) Swiss Institute of Bioinformatics], which
computes the pI based on the protein's primary sequence
obtained from Uniprot (https://www.uniprot.org/).
Synthesis of PEO–PCL and PEO–PBCL di-block copolymers

Block copolymers of PEO-b-PCL and PEO-b-PBCL of different
degrees of polymerization were synthesized by ring-opening
polymerization using methoxy-PEO (MW: 5000 g mol−1) and 3-
caprolactone (0.5 g, 1 g, 1.5 g, and 1.8 g with 1 g of methoxy-
PEO) or a-benzyl carboxylate-3-caprolactone (1 g, 1.7 g, and
3 g with 1 g of methoxy-PEO), respectively, and stannous octoate
as a catalyst.70,71 Briey, methoxy-PEO (5 g), 3-caprolactone or a-
benzyl carboxylate-3-caprolactone, and stannous octoate were
added to a previously amed 10 mL ampoule, which was then
nitrogen purged and vacuum sealed. The polymerization
© 2025 The Author(s). Published by the Royal Society of Chemistry
reaction was allowed to proceed for 4 h at 140 °C in the oven.
The reaction was terminated by cooling the product to room
temperature. Different 3-caprolactone and a-benzyl carboxylate-
3-caprolactone monomer to methoxy PEO feed ratios were used
to prepare PEO-b-PCL and PEO-b-PBCL block copolymers with
varying degrees of 3-caprolactone polymerization. The reaction
product was dissolved in DCM, precipitated, and washed with
an excess of cold hexane and collected aer centrifugation, and
dried under vacuum for 48 h.

Attachment of PCC block to the di-block copolymers

Block copolymers of PEO–PCL or PEO–PBCL were end-capped
with a-propargyl carboxylate-3-caprolactone (PCC) using stan-
nous octoate as catalyst. Briey, PEO–PCL (0.1 mmol) and PCC
(0.5 mmol) were added to a 25 mL round-bottom ask lled
with 5 mL dry toluene under constant stirring. Stannous octoate
(0.010 equiv. of monomer) was added to the ask. The ask was
then reuxed for 36 h. The reaction was terminated by cooling
the product to room temperature. The product was then
precipitated in hexane and the supernatant was discarded. The
nal product was washed with ether, followed by centrifuge
collection and dried under vacuum for further use.

Characterization of the synthesized block copolymers

Aer the ring-opening polymerization reaction between
methoxy-PEO and either 3-caprolactone (CL) or a-benzyl
carboxylate-3-caprolactone (BCL) monomers, the number-
average molecular weights of the diblock copolymers (PEO–
PCL, PEO–PBCL) and the triblock copolymers (PEO–PCL–PCC,
PEO–PBCL–PCC) were determined using 1H NMR (Bruker
Avance III spectrometer, Bruker BioSpin Corporation, Billerica,
MA), according to previously published methods.70,71 The DP of
PCL or PBCL was determined by comparing the peak intensity
of PEO hydrogens (–CH2CH2O–, d = 3.65 ppm) to the intensity
of the peak for methylene hydrogen (–OCH2–, d = 4.05 ppm),
corresponding to PCL or PBCL backbone considering a 5000 g
mol−1 molecular weight for PEO.

The number-average molecular weight of PEO–PCL–PCC and
PEO–PBCL–PCC tri-block copolymers aer end-capping with a-
propargyl carboxylate-3-caprolactone (PCC) was determined
from the 1H NMR spectrum of the block copolymers in CDCl3 at
600 MHz by comparing the peak intensity of the hydrogens of
PEO (–CH2CH2O–, d= 3.65 ppm) to the methylene hydrogens of
PCC block (–OCH2–, d = 4.75 ppm), considering a 5000 g mol−1

molecular weight for PEO.
The number average molecular weight (Mn) and dispersity

(Đ) of the synthesized polymers were analyzed by gel perme-
ation chromatography (GPC). Samples were dissolved in THF
(∼5 mg mL−1), ltered through (0.22 mm), and manually injec-
ted in an Agilent 1260 innity system equipped with two Waters
columns (Strygel HR2 and Strygel HR4E). The ow rate of 0.7
mL min−1 and the volume of injection was 100 mL. Molecular
weight was calculated based on a calibration curve prepared
using polystyrene standards (MW 3.7, 9.9, 13.0, 21.0, 44.0, and
76.0 kDa). The concentration versus elution time data was then
integrated and analyzed to calculate the weight-average
Nanoscale Adv., 2025, 7, 4929–4946 | 4939
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molecular weight (Mw), the number-average molecular weight
(Mn), and the dispersity (Đ = Mw/Mn).

Conjugation of NIRF Cy5.5 to the tri-block copolymers

Near-infrared uorophore (NIRF) Cy5.5-azide, purchased from
Lumiprobe, was conjugated to the terminal alkyne of PCC in
PEO–PCL–PCC or PEO–PBCL–PCC using Huisgens 1,3-dipolar
cycloaddition (azide–alkyne click chemistry) reaction. The
terminal alkyne group of PCC reacted with the terminal azide
group of Cy5.5 azide to form a 1,3-triazole ring.33 Cu(I) acts as
a catalyst for the reaction. Cu(I) is prepared in situ by the addi-
tion of Cu(II) TBTA complex, and ascorbic acid, reducing Cu(II)
to Cu(I). Briey, 10 mmol PEO–PCL–PCC or PEO–PBCL–PCC (75
mg) was dissolved under constant stirring in a 10 mL round-
bottom ask containing 2 mL degassed DMSO. Cy5.5 azide (1
mmol; 0.7 mg) was dissolved in 400 mL DMSO and added to the
mixture under constant stirring followed by addition of ascorbic
acid (0.5 mmol; 0.1 mg) previously dissolved in 100 mL water. The
ask was then degassed with argon for about 30 s. 10 mM Cu–
TBTA Complex solution (0.5 mmol; 60 mL) was nally added
followed by degassing for 30 s using argon. The reaction
mixture was sealed and incubated with stirring at room
temperature in the dark for 16 h. Argon was ushed through the
sealed vial at 4 and 8 h time-points. Aer incubation, the
mixture was separated from the non-reacted dye by dialysis
(MWCO 1 kDa) against DMSO for 24 h followed by dialysis
against water for 24 h to remove the DMSO, and then
lyophilized.

Specic quantities of the polymers were dissolved in DMSO
and analyzed at 700 nm emission wavelength using 670 nm
excitation wavelenght in a BioTek plate reader to measure Cy5.5
uorescence intensity. Cy5.5 concentrations in each polymer
sample were calculated from the standard Cy5.5 calibration
curve. The conjugation efficiency for each polymer was calcu-
lated as the percent of ratio of the quantity of Cy5.5 present in
the total polymer aer the click reaction and the quantity of
Cy5.5 added to the reaction mixture.

Formulation and characterization of PMs

PEO–PCL or PEO–PBCL block copolymer micelles, with or
without Cy5.5, were prepared through cosolvent evaporation as
described before.69 For Cy5.5 labelled micelles, the formation of
mixed micelles from blank copolymers and Cy5.5 conjugated
polymer was used, as detailed in Table S1.† Each well contain-
ing CRC cells was to be treated with 50 nmol of total polymer
containing 0.3 mg of Cy5.5. For that, the ratio of Cy5.5-
conjugated polymer and non-conjugated polymer in the nal
mixed micelle was calculated based on the different conjuga-
tion efficiencies of different polymers. Briey, calculated
quantities of Cy5.5-conjugated and non-conjugated polymer
were dissolved in acetone (0.6 mL). The solution was added to
deionized water in a drop-wise manner under moderate stirring
at room temperature, followed by evaporating acetone under
vacuum overnight. The prepared micellar solution was then
centrifuged to remove any aggregates. The average size and size
distribution of micelles were measured by dynamic light
4940 | Nanoscale Adv., 2025, 7, 4929–4946
scattering (DLS) at backscatter angle 173° using Zetasizer Ultra
(Malvern Panalytical, Worcestershire, UK). The Cy5.5 concen-
tration in each micelle solution was measured in a BioTek plate
reader as described in Section 1.5 above. A required volume of
10× PBS was added to make the nal concentration of the
solution to 1× PBS. Further dilution was made so that a specic
volume of polymeric micelle solution will contain 50 nmol of
total polymer and 0.3 mg Cy5.5.

Morphology investigation by transmission electrone
microscopy (TEM) imaging

The morphology of polymeric micelles was studied by TEM. A
small drop of micellar dispersion (polymer concentration of
1 mg mL−1) was deposited on a copper-coated grid, allowed to
settle at room temperature for 2 minutes and dried using
Whatman lter paper. Aer that, the samples were stained with
1% uranyl acetate solution, which was also removed right away
using lter paper followed by air drying. Then, samples were
analyzed in a Morgagni 268 TEM microscope (Philips/eld
emission) operated at 80 kV and image acquisition was per-
formed using a Gatan Orius CCD camera. The TEM images were
analyzed using ImageJ soware (http://imagej.org,
Java1.8.0_345). Diameters or width of particles were measured
for spherical and rod-shaped morphologies, respectively.

Assessing the in vitro stability of the Cy5.5-conjugated
micelles

The in vitro release of Cy5.5 dye was studied using the equilib-
rium dialysis method to check if Cy5.5 is released from the
polymer aer preparing the polymeric micelles. Polymeric
micelle dispersions were prepared by cosolvent evaporation as
described before.69 10× PBS was added to make them 10% PBS-
containing micelle dispersions. Dialysis tubing (MWCO 3500
Da) was prepared containing 4 mL of each micelle dispersion
(conc. 0.5 mg mL−1). The release study was carried out at 37 °C
for 24 h in 300 mL of PBS and DMEM media to ensure sink
conditions and under shaking at 65 rpm in a water bath system
(Julabo SW 22, Seelbach, Germany). Aer 24 h, aliquots of 200
mL were collected from inside the dialysis bags. Fluorescence
was measured at 700 nm emission wavelength using 670 nm
excitation wavelenght by a BioTek Plate reader and calculated
from the standard Cy5.5 calibration curve.

In vitro cellular uptake study in 10% FBS-containing media

HCT116 cells and SW620 cells were grown in DMEM cell culture
media containing 10% FBS and penicillin-streptomycin-
glutamine. HCT116 cells and SW620 cells were seeded into 6-
well plates at densities of 1.2 × 105 cells per well and 1.8 × 105

cells per well, respectively. The plates were incubated at 37 °C
for 24 h until 70% conuency was reached. Micelles of PEO–PCL
and PEO–PBCL were added to the wells so that each well
contains 0.3 mg Cy5.5 by the addition of micelle solution. PBS
was used to treat three negative control wells. The plates were
incubated for 6 h and 24 h at 37 °C (n = 3). Aer the incubation
period, cells were washed three times with PBS and trypsinized.
4% paraformaldehyde in PBS solution was used to x the cells
© 2025 The Author(s). Published by the Royal Society of Chemistry
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and FACS buffer was added. The cells were strained through the
cell strainer into Falcon® 12 × 75 mm tube with a 35 mm nylon
mesh cell strainer cap. The uptake was analyzed on Attune NXT
ow cytometer. 10 000 events were collected for each sample.
The data were analyzed with the FlowJo soware.

In vitro cellular uptake of PMs in the absence and presence of
human plasma

Pooled healthy human plasmas were diluted with phosphate
buffer solution (PBS, 1×) to a concentration of 55%. HCT116
cells and SW620 cells in DMEM cell culture media without the
presence of FBS were seeded into 6-well plates and incubated
following the same conditions as described above. When the
cells reached 70% conuency aer 24 h incubation, 10%
volume of media was discarded and replaced with 10% human
plasma (HP). Cy5.5-labeled PCL64, PCL79 and PBCL19 poly-
meric micelles were added to the wells so that each well
contains 0.3 mg Cy5.5 by adding micelle solution. The plates
were incubated for 6 h and 24 h at 37 °C (n = 3). Aer the
incubation period, the cells were harvested and analysed by ow
cytometry, as described above.

Protein corona formation and characterization

For protein corona formation, each PM sample was incubated
with 55% human plasma (with PM concentration of 0.2 mg
mL−1) for 1 h at 37 °C. To remove unbound and loosely attached
plasma proteins from the surface of NPs, the protein–NP
mixture was then introduced to eld ow fractionation (FFF)
instrument and 1 mL elution was collected every one minute for
further analysis (Fig. 8).
FFF sample preparation

The three PMs (PCL64, PCL79 and PBCL19) were analyzed using
the Postnova Asymmetrical Flow Field-Flow Fractionation (AF4)
system with a Multi-Angle Light Scattering (MALS) detector
(PN3621), UV/Vis detector (PN3211), Autosampler (PN5300),
Fig. 8 Schematic workflow for generation and purification of protein co

© 2025 The Author(s). Published by the Royal Society of Chemistry
fraction collector (PN8050), and Refractive Index (RI) detector
(PN3150). The carrier solution was a 10× diluted PBS buffer
from Sigma. A 150 kDa PES membrane from Postnova Analytics
was to lter the excess plasma protein during the separation
and collection step. Each sample was injected with a volume of
100 mL, and the channel ow rate was set at 1 mL min−1. The
crossow rate was initially set at 1 mL min−1 for 2 min, reduced
to 0.1 mL min−1 in 25 min, and kept constant at 0.1 mL min−1

for the rest of the run. Two replicates were analyzed for each
sample. For the incubation study, the NPs were incubated with
two plasma samples at 37 °C for 60 min and immediately
analyzed by AF4-MALS. 30–32 1 mL fractions were collected
during the fractionation. The MALS, UV/Vis, and RI detectors
provided data, which was analyzed using the Postnova AF2000
soware. The MALS data was used to calculate the size distri-
butions of the samples. The root-mean-square (RMS) radii were
calculated using the sphere model.
LC-MS/MS

The selected PMs were incubated with human plasma to allow
the formation of a protein corona. Immediately aer incuba-
tion, the PM-protein mixtures were introduced into the FFF
system to separate the protein corona-coated PMs from excess
and unbound plasma proteins. During FFF analysis, fractions
were collected at one-minute intervals from 2 to 34 minutes and
stored at −20 °C for subsequent liquid chromatography-mass
spectrometry (LC-MS) analysis. Samples were loaded onto
a 12%Bolt™ SDS–PAGE gel (Bis–Tris, 1.0 mm,Mini Protein Gel,
10-well; Thermo Fisher Scientic) and electrophoresed until
proteins migrated approximately 1 cm into the gel. The protein-
containing gel segment was excised, reduced with dithiothreitol
(DTT), and alkylated with iodoacetamide. The gel samples were
then washed, destained, and the proteins were digested over-
night at 37 °C with 250 ng of sequencing-grade trypsin (Prom-
ega, Cat# V5111). Peptides were extracted from the gel pieces,
dried, and reconstituted in 30 mL of 5% acetonitrile and 0.5%
triuoroacetic acid. Three injections of 5 mL each were analyzed
ronas on PMs.
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by nanoLC-MS/MS using a 2 hour method on a Waters CSH C18
column (0.075 mm × 250 mm; Waters Corporation, Milford,
MA), coupled to an Orbitrap Eclipse mass spectrometer
(Thermo Fisher Scientic) operating in Orbitrap–Orbitrap (OT–
OT) mode.

Proteomics data extraction and processing

Protein quantication was performed using Proteome Discov-
erer soware (Thermo Fisher Scientic, version 2.4). All MS/MS
data were searched with Mascot (version 2.7.0; Matrix Science,
London, UK), congured to search the cRAP_20150130.fasta
database (125 entries) and the UniProt-human_20210508 data-
base (77 027 entries), assuming trypsin digestion. The fragment
ion mass tolerance was set to 0.02 Da, and the parent ion
tolerance to 10 ppm. Deamidation of asparagine and glutamine,
as well as oxidation of methionine, were specied as variable
modications, while carbamidomethylation of cysteine was set
as a xed modication. Peptide identications were validated
using Percolator with a posterior error probability (PEP)
threshold of 0.01. A decoy database search was employed to
control the false discovery rate (FDR) at 1% (high condence).

Data analysis

The protein intensities were normalized to the total protein
intensity in each sample and were then log10 transformed.
Contaminants were removed. For normalization across all
samples, the values for missing proteins in each sample before
log10 transformation were set to 10−10.

For building the OPLS-DA models, SIMCA 17 was used with
default settings (Umetrics).

Network mapping

GO pathway enrichment analysis for the top proteins was per-
formed using the StringDB tool version 11.5.72

Statistical analysis

Statistical analysis was performed using two-way ANOVA with
Tukey post-test analysis. The signicance level (a) was set at
0.05. GraphPad Prism was used (version 10.3, GraphPad So-
ware Inc., La Jolla, CA). All experiments were conducted in
triplicate unless mentioned otherwise. In tables or graphs, data
points are represented as mean ± standard deviation (SD).

Conclusion

This study provides a comprehensive analysis of how the
chemical structure and degree of polymerization (DP) of
hydrophobic core-forming blocks in polymeric micelles (PMs)
inuence protein corona composition and subsequent cellular
uptake by colorectal cancer (CRC) cells. We synthesized and
characterized seven block copolymers of poly(ethylene oxide)-
block-poly(3-caprolactone) (PEO–PCL) and PEO-block-poly(a-
benzyl carboxylate-3-caprolactone) (PEO–PBCL) with varying
hydrophobic block lengths. The PMs formed from these
copolymers displayed sizes ranging from 44 to 99 nm with
4942 | Nanoscale Adv., 2025, 7, 4929–4946
slightly negative zeta potentials, and their morphology was
dependent on the DP of the hydrophobic block. Our ndings
revealed that PEO–PCL micelles exhibited signicantly higher
cellular uptake compared to PEO–PBCL micelles in both
HCT116 and SW620 CRC cell lines. The presence of human
plasma notably reduced the uptake of PEO–PCL micelles but
had no signicant effect on PEO–PBCL micelles. This suggests
that the protein corona formed in human plasma might have
played a pivotal role in modulating cellular interactions and
internalization of PMs. Proteomic analysis of the protein
coronas identied 23 distinct proteins among the top 20 most
abundant proteins across all PM types, with 18 proteins
common to all micelles. Notably, PEO–PCL micelles shared an
identical top 10 protein prole, including brinogen (FGB) and
apolipoprotein B (APOB), which were absent in the PEO–PBCL
micelles. Instead, PEO–PBCL micelles featured two unique
proteins, IGHG3 and IGKC. The presence of FGB and APOB in
the corona of PEO–PCL micelles may contribute to slightly
enhanced interactions with cell surface receptors such as
integrins and LDL receptors, facilitating cellular uptake. In
contrast, the unique proteins found on PEO–PBCLmicelles may
not promote such interactions, accounting for their lower
uptake. The differential protein adsorption is attributed to
variations in surface properties, particularly zeta potential and
hydrophobicity, inuenced by the DP and chemistry of the
hydrophobic blocks. PEO–PCL micelles with longer hydro-
phobic blocks exhibited more negative zeta potentials and
higher hydrophobicity, favouring the adsorption of proteins like
FGB and APOB that can enhance cellular uptake in cells over-
expressing receptors for these ligands. The less negative zeta
potential and lower hydrophobicity of PEO–PBCL micelles may
contribute to a protein corona composition that does not
facilitate cellular internalization. This study highlights the
critical role of protein corona composition in determining the
biological identity and fate of nanocarriers. While this study
provides valuable insights into how polymer structure, DP,
micelle physicochemical properties like size, zeta potential,
morphology and hydrophobicity inuence protein corona
composition and cellular uptake, the proteomic analysis was
limited to three polymeric micelles due to experimental
constraints related to colloidal stability, morphology, and FFF
compatibility. Thus, while informative, the current ndings
may not fully capture the diversity of corona proles across all
polymeric micelle architectures. Future studies are required to
expand this analysis to a broader range of polymeric micelles,
including additional PBCL DPs, to further clarify structure–
corona–function relationships. Understanding the interplay
between polymer structure, protein corona formation, and
cellular uptake is essential for the rational design of nano-
carriers with optimized therapeutic efficacy. By tailoring the
physicochemical properties of PMs, it may be possible to
control protein adsorption and, consequently, modulate
cellular interactions to enhance targeted drug delivery. Future
research should focus on elucidating the mechanistic pathways
through which specic corona proteins inuence nanoparticle–
cell interactions. Additionally, in vivo studies are necessary to
conrm the translational relevance of these ndings and to
© 2025 The Author(s). Published by the Royal Society of Chemistry
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assess the impact of protein corona composition on the phar-
macokinetics and biodistribution of polymeric micelles. This
knowledge will contribute to the development of advanced
nanomedicine platforms with improved safety proles and
therapeutic outcomes.
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