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a b s t r a c t 

Receptor-mediated active targeting of nanocarriers is a widely investigated approach to specifically address can- 
cerous cells and tissues in the human body. The idea is to use these formulations as drug carriers with enhanced 
specificity and therefore reduced systemic side effects. Until today a big obstacle to reach this goal remains the 
adsorption of serum proteins to the nanocarrier’s surface after contact with biological fluids. In this context dif- 
ferent nanoparticle characteristics could be beneficial for effective active targeting after formation of a protein 
corona which need to be identified. In this study trastuzumab was used as an active targeting ligand which was 
covalently attached to human serum albumin nanoparticles. For coupling reaction different molecular weight 
spacers were used and resulting physicochemical nanoparticle characteristics were evaluated. The in vitro cell 
association of the different nanoparticle formulations was tested in cell culture experiments with or without fetal 
bovine serum. For specific receptor-mediated cell interaction SK-BR-3 breast cancer cells with human epidermal 
growth factor receptor 2 (HER2) overexpression were used. MCF-7 breast cancer cells with normal HER2 expres- 
sion served as control. Furthermore, serum protein adsorption on respective nanoparticles was characterized. The 
qualitative and quantitative composition of the protein corona was analyzed by SDS-PAGE and LC-MS/MS and 
the influence of protein adsorption on active targeting capability was determined. 
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. Introduction 

Looking at modern cancer therapy, a great variety of approved phar-
aceuticals is available. The first group of drugs used for this pur-
ose were cytostatic drugs with low tumor specificity and high tox-
city. As of today, the portfolio of available pharmaceuticals has in-
reased over the last 20 years and new “modern ” therapeutics like
onoclonal antibodies, small molecule inhibitors and recently chimeric

ntigen receptor T-cells have been approved [1] . In contrast to con-
entional chemotherapeutics, antibodies and small molecule inhibitors
ere developed to address specific structures mainly expressed on can-

er cells. Structures include overexpressed receptors like human epider-
al growth factor receptor 2 (HER2), transferrin receptor and folate

eceptor [ 2 , 3 ]. 
A promising idea on which intensive research was focused on in the

ast years is combining nanoparticulate drug carriers with targeting lig-
nds. For this purpose, ligands either address structures overexpressed
n tumor cells or structures only present on tumor cells [4] . This so-
alled active targeting has the following advantages: reduction of the
ystemic side effects of cytostatic drugs and improved drug delivery ef-
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ciency. Possible active targeting ligands for such systems can be pep-
ides, proteins, antibodies or fragments of them [5] . 

In this study the monoclonal antibody trastuzumab was used as ac-
ive targeting ligand addressing HER2. Trastuzumab is an approved drug
or HER2 overexpressing early and metastatic breast cancer, as well as
ER2 overexpressing metastatic gastric cancer [6] . Furthermore, the
ntibody is already well established as active targeting ligand for vari-
us nanoparticle (NP) formulations [7–9] . As a commonly used NP ma-
rix human serum albumin (HSA) was utilized. HSA has already been
ested as a drug delivery system for cytostatic drugs like doxorubicin
nd paclitaxel [ 10 , 11 ]. Additionally, the NP surface was grafted with
ifferent molecular weight polyethylene glycol (PEG) derivatives. PEG
epresents an ideal crosslinker for covalent attachment of targeting lig-
nds because of the availability of many different end groups [12] . PEG
lso mediates stealth effects in vivo reducing serum protein adsorption
nd consequently resulting in a prolonged blood circulation time. These
ffects are dependent on the density and the molecular weight of the
inear PEG [13] . 

Serum protein adsorption with formation of a protein corona occurs
henever NPs get into contact with biological fluids like blood, result-
cember 2021 
article under the CC BY-NC-ND license 
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ng in a new NP biological identity [ 5 , 14 , 15 ]. Hence, blood circulation
ime, biodistribution and targeting of nanocarriers can be influenced.
he NP characteristics like size, shape and surface composition, as well
s environmental parameters like temperature and type of fluid can af-
ect the composition of the protein corona [ 16 , 17 ]. Corona proteins can
ither act as opsonins and mark NPs for rapid recognition by the reticu-
oendothelial system or they act as dysopsonins mediating longer blood
irculation times [18] . As PEG can reduce protein adsorption, but not
ompletely prevent it, the formation of a protein corona around the NPs
as to be considered for successful active targeting. 

The aim of this study was on the one hand to analyze the effect of
ifferent PEG spacers with varying length for ligand coupling on ac-
ive targeting. On the other hand, we aimed to characterize the protein
orona formed around these NPs and its influence on the active target-
ng capability. We demonstrated that both serum protein adsorption and
election of the PEG spacer for the targeting moiety have an effect on
ctive targeting and also influence each other. 

. Materials and methods 

.1. Materials 

Human serum albumin (purity ≥ 96%), glutaraldehyde 50% (m/v)
olution, 2-iminothiolane, and IgG from rabbit serum were purchased
rom Sigma Aldrich (Steinheim, Germany). N -Hydroxysuccinimide-PEG-
aleimide spacers were obtained from Rapp Polymere (Tübingen,
ermany) and m-maleimidobenzoyl- N -hydroxysulfosuccinimide ester

sMBS) was obtained from CovaChem LLC (Loves Park, IL, USA).
rastuzumab was purchased as Herceptin® from Roche (Welwyn Gar-
en City, UK) and the fluorescent dye PromoFluor-505 NHS-ester was
urchased from PromoCell GmbH (Heidelberg, Germany). For serum
rotein adsorption pooled human serum (HS) of the same lot from
iowest (Riverside, MO, USA) was used. All reagents for sodium do-
ecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Roti®-
oad 1, ammonium peroxodisulfate (APS), SDS, tetramethylethylenedi-
mine (TEMED), Rotiphorese® Gel 30, Rotiphorese® 10 x SDS-PAGE,
oti®-Mark STANDARD, Roti®-Blue) were obtained from Carl Roth
mbH & Co. KG (Karlsruhe, Germany). For LC-MS/MS analysis urea was
urchased from Acros Organics (Fair Lawn, NJ, USA). DL-dithiothreitol
DTT) and iodoacetamide (IAA) were purchased from Sigma Aldrich
Steinheim, Germany). Trypsin (sequencing grade) was obtained from
romega Corp. (Madison, WI, USA), acetonitrile was obtained from
isher Scientific (Hampton, NH, USA), isopropanol (LC-MS grade) was
urchased from Carl Roth GmbH & Co. KG (Karlsruhe, Germany),
odium hydroxide was obtained from Grüssing (Filsum, Germany) and
ormic acid (98–100%) was obtained from Merck KGaA (Darmstadt,
ermany). 

MCF-7 cells were kindly provided by Dr. Spänkuch (Universitäts-
rauenklinik, Tübingen) and SK-BR-3 cells were purchased from ATCC®
LGC Standards GmbH, Wesel, Germany). Cell culture media (McCoy’s
A modified Medium and Dulbecco’s Modified Eagle Medium (DMEM)),
rypsin/EDTA solution, as well as the supplements, glutamine, non-
ssential amino acids (NEA), penicillin/streptomycin, gentamicin, fetal
ovine serum (FBS), and phosphate-buffered saline (PBS) were obtained
rom Biochrom AG (Berlin, Germany). Human epidermal growth factor
EGF) was purchased from Roche Diagnostics (Mannheim, Germany)
nd paraformaldehyde was purchased from Sigma Aldrich (Steinheim,
ermany). 

.2. Preparation of antibody-modified nanoparticles 

Antibody-modified NPs were prepared based on a previously de-
cribed method [7] . In brief, HSA was dissolved in 1.0 mL of purified
ater to a concentration of 50 mg/mL and the pH was adjusted to 7.0.
 total of 4 mL of ethanol (96%, v/v) were added to the HSA solution
2 
ropwise resulting in desolvation and NP formation. The NPs were stabi-
ized by adding 29.5 μL glutaraldehyde (8%, m/v) and overnight stirring
550 rpm, 22 °C). Afterwards the NPs were purified by two steps of cen-
rifugation (10,500 × g , 14 min) and redispersion in 1.0 mL phosphate
uffer (pH 8.0). 

Subsequently the NP surface was modified with a heterobifunc-
ional crosslinker. N -Hydroxysuccinimide-PEG-maleimide spacers with
 molecular weight of 3 kDa (PEG 3 ), 5 kDa (PEG 5 ), and 10 kDa (PEG 10 )
s well as sMBS were used. A 15-fold molar excess of crosslinker rel-
tive to HSA was dissolved in DMSO and added to the NP suspension
ontaining 25 mg of NPs. The mixture was stirred for 1 h at 600 rpm
nd 22 °C, followed by one step of centrifugation (12,000 × g , 14 min)
nd redispersion in 1.0 mL phosphate buffer (pH 8.0). The supernatants
ere collected and analyzed via size exclusion chromatography (SEC)

or unreacted PEG crosslinker (Fig. S1). 
Parallel to this reaction an aliquot of 0.5 mL trastuzumab (5 mg/mL

n phosphate buffer pH 8.0) was purified by SEC with a PD-10
ephadex TM G-25 M desalting column (GE Healthcare Europe GmbH,
reiburg, Germany) using phosphate buffer pH 8.0 as eluent. The frac-
ions containing antibody were determined using UV/Vis spectroscopy
t 280 nm and combined afterwards. For the introduction of thiol groups
n the antibody surface, 1.0 mL of purified trastuzumab or 1.0 mL IgG
1 mg/mL) were incubated with 40.2 μL 2-iminothiolane (1.14 mg/mL,
0-fold molar excess) for 2 h at 600 rpm and 22 °C. Afterwards, the thi-
lated antibody was purified by SEC as described above, resulting in an
ntibody concentration of about 0.5 mg/mL. 

For covalent coupling of the antibody to the surface-modified NPs an
liquot of 1.0 mL of the thiolated antibody (500 μg) was incubated with
he NP suspension (equivalent to 20 mg NPs) over night at 600 rpm and
2 °C. Antibody-modified NPs were purified by centrifugation (7000 × g ,
4 min) and redispersion in purified water. The supernatant was col-
ected and the unreacted thiolated antibody was determined by SEC (Fig.
2). 

For cell culture experiments HSA was labeled with a fluorescent dye
rior to NP preparation. A previously described method by Keuth et al.
19] was used for labeling HSA with a PromoFluor-505-NHS-ester (PF).

.3. Nanoparticle characterization 

Hydrodynamic particle diameter and polydispersity index (PDI)
ere determined by photon correlation spectroscopy. An aqueous di-

ution of the NP suspension was analyzed at 22 °C and a backscattering
ngle of 173°. For surface charge characterization the zeta potential was
etermined using the same aqueous dilution of the NP suspension. All
easurements were conducted with a Malvern Zetasizer Nano ZS system

Malvern Instruments Ltd., Malvern, UK). 
NP concentration was determined gravimetrically by drying 20.0 μL

f NP suspension to mass consistency for at least 2 h at 80 °C. 

.4. Adsorption of serum proteins on nanoparticles 

As described before, NP suspensions were adjusted to a constant
urface-to-protein ratio [ 20 , 21 ]. The required amount of NP suspension
or a predefined particle surface was calculated based on hydrodynamic
iameter, particle density (1.31 g/cm 

3 [22] ), and particle concentra-
ion. For SDS-PAGE analysis, an aliquot equivalent to 0.08 m 

2 NP sur-
ace was diluted to 1.730 mL with purified water. The protein corona
as formed by adding 270 μL of HS (70.8 mg/mL) and incubation for
0 min at 37 °C under constant shaking (1200 rpm). Samples were pu-
ified from excess proteins by three steps of centrifugation (20,000 × g ,
0 min) and redispersion in purified water. 

For LC-MS/MS analysis a higher amount of protein was used. There-
ore, NP surface was tripled to 0.24 m 

2 and NP suspensions were diluted
o 5.190 mL with purified water. To maintain a constant NP surface-to-
rotein ratio, the amount of HS was also tripled to 810 μL. Incubation
nd purification followed as described above. 
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.5. SDS-PAGE analysis of bound corona proteins 

After the previously described adsorption of serum proteins and the
ubsequent purification, the NP pellet was resuspended in 30 μL SDS-
ontaining loading buffer (Roti®-Load 1) overnight (1200 rpm, 22 °C)
o desorb the proteins from the NP surface. The desorbed proteins were
eparated from the NPs by centrifugation (30,000 × g , 45 min) and the
orona proteins remaining in the supernatant were denatured for 5 min
t 95 °C. 

A 10% polyacrylamide gel was prepared by mixing 1.975 mL wa-
er, 1.675 mL acrylamide solution (30%, m/v, Rotiphorese® Gel 30),
.25 mL separation gel buffer, 50 μL SDS solution (10%, m/v), 50 μL
PS solution (10%, m/v), and 5 μL TEMED and transferring the solu-

ion to an OmniPAGE mini system gel chamber (Omnilab-Laborzentrum
mbH & Co. KG, Bremen, Germany). A focusing gel was positioned on

op of the separation gel by mixing 2.1 mL water, 500 μL acrylamide
olution (30%, m/v), 380 μL focusing gel buffer, 30 μL SDS solution
10%, m/v), 30 μL APS solution (10%, m/v), and 3 μL TEMED. Samples
8 μL), positive controls (8 μL) and a protein standard (5 μL, Roti®-Mark
TANDARD) were applied onto the gel and separated under a constant
oltage of 200 V for 90 min. Following separation, the protein bands
ere fixed with 1% orthophosphoric acid in methanol/water (1 + 4,
/v), stained with Coomassie Brilliant Blue G-250 and excess staining
as eliminated by washing with methanol/water (1 + 2, v/v). The re-

ulting gel was visualized using a Gel iX Imager (INTAS Science Imaging
nstruments GmbH, Göttingen, Germany). 

.6. LC-MS/MS analysis of bound corona proteins 

.6.1. Sample preparation 

Serum proteins were adsorbed onto the NP surface and purification
rom excess proteins followed as described above. The following sam-
le preparation steps for a bottom-up LC-MS/MS approach were per-
ormed based on protocols by Partikel et al. [17] and Wisniewski et al.
23] . After the last step of centrifugation, the purified NP pellet was
ncubated with 100 μL of 6 M urea in TRIS buffer (pH 7.8) overnight
1200 rpm, 22 °C) to desorb the serum proteins from the NP surface.
he desorbed proteins were separated from the NP pellet by collect-

ng the supernatant after centrifugation (30,000 × g , 45 min). The total
mount of protein per sample was quantified using a Pierce TM BCA Pro-
ein Assay Kit (Thermo Fisher Scientific Inc., Rockford, IL, USA). For re-
uction of disulfide bonds, samples were incubated with 5 μL 200 mM
TT for 1 h (1200 rpm). Afterwards, aliquots containing a maximum
f 250 μg of protein were transferred to Microcon® 30 kDa filter units
nd centrifuged (14,000 × g , 15 min). The flow-through was discarded
fter the addition of 200 μL 8 M urea in TRIS buffer (pH 8.5) to the
lter units and another step of centrifugation (14,000 × g , 15 min).
ubsequently, 100 μL 50 mM IAA in 8 M urea solution were added
o the filter units, mixed for 1 min (600 rpm) and incubated for an-
ther 20 min without shaking. The proteins on the filter units were
ashed three times by adding 100 μL 8 M urea solution, centrifugation

14,000 × g , 15 min) and discarding the flow-through afterwards. Three
teps of adding 100 μL 50 mM ammonium bicarbonate (NH 4 HCO 3 )
olution to the filter units, centrifugation (14,000 × g , 10 min) and
iscarding the flow-through followed. For tryptic digestion, 20 μL of
ooled trypsin solution (0.2 μg/mL) and 40 μL of cooled NH 4 HCO 3 so-
ution were added to the filter units and incubated for 1 min under
onstant shaking (600 rpm). Thereafter, filter units were incubated at
7 °C, 100% humidity and gentle shaking overnight. After digestion,
he filter units were transferred to new collection tubes and centrifuged
14,000 × g , 10 min), followed by adding 40 μL NH 4 HCO 3 solution and
nother step of centrifugation (14,000 × g , 10 min). The flow-through
f the last two steps of centrifugation, containing the digested pep-
ides, was collected. Aliquots of the same sample were merged, acidi-
ed to a pH < 4 with formic acid and diluted to 2.0 mL with purified
ater. 
3 
Solid-phase extraction was used to desalt the samples prior to LC-
S/MS analysis. Strata TM -X 33u RP 30 mg/1 mL columns (Phenomenex,
schaffenburg, Germany) were activated with 1 mL methanol, equili-
rated with 1 mL aqueous formic acid (1%, v/v) and the peptide so-
ution was applied in fractions of 1.0 mL. The samples were washed
ith 1.0 mL of purified water and eluted with 600 μL 1% formic
cid in methanol/water (1 + 1, v/v) and 400 μL 1% formic acid in
ethanol/water (7 + 3, v/v). The eluted peptides were concentrated

y evaporation of the solvent under nitrogen atmosphere and dissolved
n 100 μL 1% formic acid in acetonitrile/water (3 + 97, v/v). Samples
ere stored at − 20 °C until analysis. 

.6.2. Data acquisition 

Prepared samples with peptides were separated with a Bruker
lute HAT HPG 1300 LC system equipped with a Bruker PAL Au-
osampler, a Bruker Column Oven (all Bruker Daltonics, Bremen, Ger-
any) and an Agilent AdvanceBio Peptide Mapping column (120 Å,
.1 × 150 mm, 2.7 μm, Agilent Technologies, Santa Clara, CA, USA).
or data-dependent acquisition (DDA) and data-independent acquisition
DIA) measurements, an aliquot of 10.0 μL was injected and eluted at a
ow rate of 0.2 mL/min at a temperature of 40 °C. A gradient of ace-
onitrile and water (both supplemented with 0.1% formic acid, Table
1) with a total run time of 110 min for DDA and 22 min for DIA was
sed. KrudKatcher Classic HPLC in-line filters (0.5 μm, Phenomenex, As-
haffenburg, Deutschland) were employed to protect the column. Data
cquisition was performed with Bruker HyStar v4.1 SR 2 (4.1.31.1) soft-
are. For mass calibration 10 mM sodium formate in isopropanol/water

1 + 1, v/v) was applied at a flow rate of 3 μL/min in the first minute
f each run. 

A Bruker Impact II quadrupole time-of-flight mass spectrometer was
tilized with Bruker Compass software 2.0 v4.1 (Build 3.9, both Bruker
altonics, Bremen, Germany). For profile data acquisition, instrument

ettings were set as follows: ESI in positive mode with an endplate offset
f 500 V; capillary voltage of 4500 V, N 2 as nebulizer gas at 4 bars with
 dry gas flow of 12 L/min and a dry gas temperature of 250 °C; scan
ate of 2 Hz and a mass range of m/z 150–2200. Collision RF was set as
000 Vpp with 90 μs of transfer time and 10 μs pre-pulse storage time. 

For DDA measurements, collision energy was set to 23–65 eV de-
ending on the mass-to-charge ratio and charge state of the peptide pre-
ursor. Precursor ions with a mass-to-charge ratio of 2–5, a charge > 1
nd a mass range of m/z 300–2200 were considered for fragmenta-
ion in Auto MS/MS mode. The scan rate for fragment ions was 8 Hz
 ≥ 2500 counts) or 32 Hz ( > 25,000 counts) with a cycle time of 3 s. 

For DIA measurements, a sequential window acquisition of all the-
retical fragment ion mass spectra (SWATH) approach was used. Se-
uential precursor windows in a mass range of m/z 400-1200 were
ragmented and analyzed. To increase the selectivity, window width
as adjusted according to the abundance of different peptides in the

espective m/z range (Table S2). Precursor windows were overlapping
nd windows were chosen to approximately contain the same number
f peptides [24] . Collision energy was set to 27–48 eV depending on
ass-to-charge ratio and scan rate for fragment ions was set to 16 Hz.

ncluding the total ion scan ( m/z 150–2200) resulted in a total scan time
f 0.9375 s. 

Data processing was accomplished automatically with Bruker Data
nalysis v4.4 (Build 200.55.2969) using the Shotgun Digest Protein Anal-

sis method for DDA acquisition method and sodium formate calibration
or die DIA acquisition method. 

.6.3. Data analysis 

.6.3.1. Qualitative analysis. For protein identification a de novo -
ssisted database search algorithm was used (PEAKS® Studio 7, Bioin-
ormatics Solutions Inc., Waterloo, Canada) against the UniProt KB
atabase ( Homo sapiens , created 2020–11–02). In addition, the en-
anced target-decoy method ( decoy fusion ) was used for result valida-
ion and false discovery rate estimation. Search parameters were set
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ith trypsin as specific enzyme (three missed cleavages allowed), car-
amidomethylation of cysteine residues (fixed) and oxidation of me-
hionine (variable, three PTM per peptide allowed). A precursor mass
olerance of 5 ppm and a fragment mass error tolerance of 1 Da was ac-
epted. Only proteins with a -lgP value > 80 and a minimum of 1 unique
eptide sequence were considered as reliable [25] . 

.6.3.2. Quantitative analysis. For protein quantitation of SWATH mea-
urements, Skyline 20.2 software (MacCoss Lab Software, University of
ashington, Seattle, WA, USA) was used. Peptide and transition set-

ings were set as shown in Table S3. Representative peptides for protein
uantitation were selected based on dotp/idotp value ( > 0.8), retention
ime matching the predicted retention time and mass error ( < 10 ppm).
or evaluated proteins, the peak area of one peptide precursor matching
he before defined quality criteria was analyzed. Detailed information
n the used precursors is listed in Table S4. 

.7. Cell culture studies 

.7.1. Cell lines and cultivation 

For cell culture studies two different breast cancer cell lines were
sed, namely MCF-7 cells with regular HER2 expression and SK-BR-3
ells with HER2 overexpression. MCF-7 cells were cultivated in 75 cm 

2 

asks using DMEM supplemented with 1% (v/v) glutamine (200 mM),
% (v/v) NEA, 100 U/mL penicillin, 100 μg/mL streptomycin, and 10%
v/v) FBS. SK-BR-3 cells were cultivated in cell culture dishes ( ∅ 60 mm)
sing McCoy’s 5A modified Medium supplemented with 1% (v/v) glu-
amine (200 mM), 100 μg/mL gentamicin, 500 μL EGF (10 μg/mL), and
0% (v/v) FBS. Both cell lines were cultivated in an incubator at 100%
umidity, 37 °C and 10% CO 2 for MCF-7 cells and 5% CO 2 for SK-BR-3
ells. After reaching about 80% confluency, cells were split at a ratio
f 1:1 to 1:3 twice a week. All experiments were carried out within the
rst 20 passages after thawing. 

For serum free conditions DMEM supplemented with 1% (v/v) glu-
amine (200 mM), 1% (v/v) NEA, 100 U/mL penicillin, 100 μg/mL strep-
omycin, and 1% (v/v) gentamicin (10 mg/mL) was used. 

.7.2. Determination of cellular interaction by flow cytometry 

To evaluate the interaction of antibody-modified NPs with the
ifferent HER2 expressing breast cancer cell lines, flow cytometric
nalysis was conducted. Cells were seeded on 24 well plates with
 × 10 5 cells/well and cultivated for 48 h. NPs were diluted in respective
ell culture medium and two wells were incubated with each NP formu-
ation in a concentration of 50 μg/mL for 0.5, 1, 2, 4, and 24 h. After
ncubation, cells were washed with PBS and harvested by detaching with
rypsin/EDTA solution. Thereafter, cells were centrifuged (2000 × g ,
 min) and resuspended in paraformaldehyde in PBS (0.8%, m/v). The
ean fluorescence of a total of 10,000 cells was determined with a Beck-
an Coulter CytoFLEX cytometer (Beckman Coulter, Krefeld, Germany,

xcitation 488 nm, emission 525–540 nm; FITC channel). The mean flu-
rescence values of the cells incubated with NPs were standardized by
orming a ratio with mean fluorescence values of corresponding control
ells. For serum free experiments, culture medium was exchanged to
erum free medium 24 h prior to NP incubation. 

.7.3. Determination of cellular interaction after protein adsorption by 

ow cytometry 

In order to analyze the influence of the protein corona of antibody-
odified NPs on cellular interaction, NPs were incubated with HS previ-

us to cell exposition. Briefly, 1 × 10 5 SK-BR-3 or MCF-7 cells/well were
eeded on a 24 well plate and cultivated for 24 h. Cell culture medium
as replaced with serum free medium and cells were maintained for
nother 24 h before NP incubation. 

An aliquot corresponding to 0.008 m 

2 of NPs was diluted to 173 μL
ith purified water and incubated with 27 μL of HS (70.8 mg/mL) for
0 min at 37 °C under constant shaking (1200 rpm). Immediately after
4 
erum incubation, NPs were diluted with serum free cell culture medium
o a concentration of 100 μg/mL. Half of the culture medium of two
ells was exchanged with each diluted NP suspension, resulting in a
nal NP concentration of 50 μg/mL per well. The cells were incubated

or 4 h and afterwards flow cytometric sample preparation as well as
nalysis was performed as described above. 

.7.4. Determination of cellular interaction after trastuzumab 

reincubation by flow cytometry 

For verification of receptor-mediated cell interaction of trastuzumab-
odified NPs with overexpressed HER2 on SK-BR-3 cells, receptors were

locked with trastuzumab prior to NP incubation. SK-BR-3 cells were
eeded and cultivated as described above. In order to block HER2 on the
ell surface, cells were incubated with 10 μg/mL of trastuzumab for 1 h.
fter 1 h, half of the culture medium was replaced with a dilution con-

aining trastuzumab and NPs, resulting in a trastuzumab concentration
f 10 μg/mL and a NP concentration of 50 μg/mL. Cells were incubated
or 4 h and analyzed by flow cytometry as described above. For exper-
ments under serum free conditions, culture medium was exchanged to
erum free medium 24 h prior to NP incubation. 

.7.5. Visualization of intracellular distribution by fluorescence microscopy

For visualization of NP cell interaction, cells were seeded on Falcon®
 well chamber slides (Corning Inc., Big Flats, NY, USA) with a density of
 × 10 4 cells/chamber and cultivated for 48 h. Subsequently, cells were
ncubated with the different NP formulations diluted to a concentration
f 50 μg/mL with respective cell culture medium for 6 h. After incuba-
ion, cells were washed with PBS containing Ca 2 + and Mg 2 + (PBS ++ ).
or staining of cell membrane, cells were incubated with wheat germ
gglutinin AF®350 conjugate (125 μg/mL, Biotium Inc., Hayward, CA,
SA) for 10 min and washed once again with PBS ++ . Cells were fixed
ith paraformaldehyde (4%, m/v) for 15 min, washed with PBS ++ and

overed with Vectashield® mounting medium with 4 ′ ,6-diamidino-2-
henylindole (DAPI) (Vector Laboratories, Burlingame, CA, USA) for
taining of cell nuclei. For visualization, an IX81 fluorescence micro-
cope (Olympus, Hamburg, Germany) with different filter systems was
sed (filter 1 for DAPI and AF®350: excitation 360–370 nm, dichroic
irror 400 nm, emission 426–446 nm; filter 2 for NP autofluorescence:

xcitation 460–500 nm, dichroic mirror 505 nm, emission 510–560 nm).
ubsequent analysis was performed with cellSens Dimension 1.17 soft-
are (Olympus, Hamburg, Germany). For serum free experiments, cell

ulture medium was replaced with serum free medium 24 h before NP
ncubation. 

.8. Statistical methods 

The data are displayed as average value with standard deviation.
nless stated otherwise, all experiments were performed at least in trip-

icate. Sigma Plot 12.5 software (Systat Software GmbH, Erkrath, Ger-
any) was used for statistical evaluation. Either One Way ANOVA with
olm-Sidak (adjusted) post-hoc tests for comparing different groups or

wo-tailed Student’s t -test for comparing two groups was applied. The
ignificance was marked as ∗ for p ≤ 0.05. 

. Results 

.1. Characterization of antibody-modified nanoparticles 

HSA-NP were prepared by a desolvation technique and subsequently
odified with different PEG spacers for ligand coupling. For modifica-

ion, three linear PEG spacers with varying molecular weight as well as
MBS were used. As an active targeting ligand the monoclonal antibody
rastuzumab was covalently attached to the spacer in a second modifica-
ion step. NP properties were characterized and results are summarized
n Table 1 . Spherical NPs with hydrodynamic diameters between 200
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Table 1 

Physicochemical characteristics of prepared nanoparticles (mean ± SD, n ≥ 3; ∗ p ≤ 0.05). 

Particle system Hydrodynamic diameter [nm] PDI Zeta potential [mV] Amount of bound PEG [%] Amount of bound antibody [%] 

HSA-NP 201.9 ± 8.0 0.05 ± 0.03 − 33.6 ± 7.2 – –
HSA-sMBS-Tra-NP 216.2 ± 13.7 0.05 ± 0.05 − 40.6 ± 16.0 – 55.9 ± 4.2 
HSA-sMBS-IgG-NP 207.9 ± 10.7 0.05 ± 0.02 − 36.6 ± 2.0 – 18.1 ± 6.3 
HSA-PEG 3 -Tra-NP 215.7 ± 9.2 0.06 ± 0.04 − 37.3 ± 6.8 8.3 ± 5.1 49.9 ± 20.6 
HSA-PEG 5 -Tra-NP 239.5 ± 18.6 ∗ 0.06 ± 0.03 − 43.3 ± 6.3 10.8 ± 8.6 79.6 ± 6.9 
HSA-PEG 10 -Tra-NP 245.2 ± 13.1 ∗ 0.07 ± 0.04 − 41.4 ± 4.1 13.6 ± 3.4 90.9 ± 0.9 

Fig. 1. One-dimensional SDS-PAGE analysis of adsorbed hu- 
man serum (HS) proteins on different HSA nanoparticles. 
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nd 245 nm were obtained (Fig. S4). As an overall tendency, an in-
reasing diameter corresponding with increasing spacer length was ob-
erved compared to unmodified HSA-NP. However, only for PEG 5 - and
EG 10 -modified NPs the hydrodynamic diameter increased significantly
p ≤ 0.05, Table 1 ). For all NP formulations the PDI as parameter for
article size distribution was below 0.1 and zeta potentials varied be-
ween − 30 and − 43 mV. The percentages of bound PEG spacer showed
o significant differences, although a trend of increasing PEG binding
rom 8.3 to 13.6% with rising PEG length could be seen ( Table 1 , Fig.
1). The resulting binding of trastuzumab and IgG as a negative con-
rol was analyzed by SEC ( Table 1 , Fig. S2). As a tendency it was ob-
erved that a longer PEG spacer resulted in higher binding of the anti-
ody trastuzumab (50% for PEG 3 to 91% for PEG 10 modification). 

.2. Protein adsorption on antibody-modified nanoparticles 

.2.1. SDS-PAGE identification of corona proteins 

In order to characterize corona proteins, one-dimensional SDS-PAGE
as performed. Native HS as a control, and the desorbed corona pro-

eins of HSA-NP, as well as antibody-modified HSA-NP with different
rosslinkers were analyzed. Fig. 1 shows the distinct protein patterns
or the tested NPs. For HS control, the most intense band was HSA with
 molecular weight of 66.5 kDa. In comparison to that, the HSA bands
or NP systems were less intense but other additional bands appeared.
urthermore, all tested NP formulations showed the same band pattern
ut with different intensities. The most intense signals were detected for
SA-sMBS-Tra-NP and HSA-sMBS-IgG-NP, whereas bands for PEGylated
Ps were less intense. 

.2.2. LC-MS/MS identification of corona proteins 

Data-dependent LC-MS/MS analysis was used to gather more infor-
ation on protein identities, their corresponding physiological functions

nd other characteristics. In total, a number of 246 different proteins
5 
ere identified in the NP protein coronas (Table S5-S7). The highest
umber of different proteins was detected on HSA-NP (202) and HSA-
MBS-Tra-NP (201, Fig. 2 A). The lowest number was identified on HSA-
EG 10 -Tra-NP (153, Fig. 2 A). When comparing PEGylated to unmodified
SA-NP, it could be noted that PEGylation led to less different proteins
dsorbed ( Fig. 2 A). Furthermore, the number of different proteins de-
reased with increasing PEG spacer length from 167 for PEG 3 to 153 for
EG 10 ( Fig. 2 A). 

A total of 18 proteins were only identified in HS control samples,
hereas for NPs only very few totally unique proteins for one corona
lone were verified. Regarding the NP coronas, most unique proteins
ere identified for HSA-NP (8) and only one or none was identified for
EGylated NPs ( Fig. 2 A). 

In Fig. 2 B identified corona proteins are depicted according to their
hysiological function. The percentage distribution of physiological
unctions was in general similar for all tested NPs. By far the largest
umber of detected corona proteins is related to initiation of immune
esponse (IR). Generally, NPs enriched IR proteins, as the portion of
dentified IR proteins increased to 78–81% for NPs compared to 66% in
S control sample. Other physiological functions including lipoproteins
nd blood coagulation-related proteins were nearly equally distributed
t around 5% for each NP system. 

Comparing the distribution of the average molecular weight of the
etected proteins, the biggest fraction consisted of proteins with an av-
rage below 29 kDa (68–74% for NPs and 50% for HS control, Fig. 2 C).
ompared to HS control, the relative amount of NP corona proteins with
n average molecular weight between 29 and 66 kDa (12–16% for NPs
nd 30% for HS control sample) declined in favor of proteins below
9 kDa. 

.2.3. LC-MS/MS quantitation of corona proteins 

Data-independent SWATH LC-MS/MS analysis was employed for
uantitation of exemplary proteins. Five proteins covering different
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Fig. 2. (A) Total number of identified corona proteins with number of unique proteins for respective NP system and classification of the corona proteins according to 
(B) their physiological function and (C) their average mass. Proteins were identified in two independent experiments by LC-MS/MS in a data-dependent acquisition 
approach using different NP batches of each formulation for protein corona formation. (D) Quantitation of exemplary corona proteins of the tested NP formulations. 
For each protein one representative peptide is depicted (Table S4). Proteins were analyzed in two independent experiments by LC-MS/MS in a data-independent acqui- 
sition approach (mean ± SD, n = 2). BC = blood coagulation-related proteins, CC = cellular components, IR = immune response initiating proteins, LP = lipoproteins, 
OT = oxygen transport-related proteins, OC = other components. 
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hysiological functions were selected for quantification according to the
eak area of representative peptides. Each of these proteins was also
dentified in every sample by DDA measurement (Table S5). For every
rotein, one representative peptide precursor (Table S4), fulfilling the
efore defined quality criteria, was selected and depicted in Fig. 2 D. Ex-
racted Skyline ion chromatograms of the chosen peptides are displayed
n Fig. S3. As illustrated in Fig. 2 D, PEGylated NPs adsorbed more al-
umin compared to unmodified HSA-NP and NPs modified with sMBS
rosslinker. For quantified lipoproteins, similar amounts of apolipopro-
ein A-I and apolipoprotein C-I were encountered for all NP systems
 Fig. 2 D). In contrast to that, the quantity of adsorbed exemplary im-
unoglobulins was reduced intensively for PEGylated NPs. Compared

o HSA-NP, the amount of adsorbed immunoglobulin heavy constant
amma 2 was decreased by 52% for PEG 3 modification up to 76% for
EG 10 modification. The quantity of adsorbed immunoglobulin lambda
ariable 1–47 was reduced by 35% for PEG 3 modification and up to 52%
or PEG 10 modification ( Fig. 2 D). 

.3. Cell culture studies 

Two breast cancer cell lines with different HER2 expression (SK-BR-3
nd MCF-7) were used for cell interaction studies of antibody-modified
Ps. To ensure that NP systems showed no cytotoxic effects, a WST-1
ssay was performed. In all experiments a cytotoxicity on the chosen
reast cancer cells was not detectable (Fig. S5). 

.3.1. Cellular interaction under varied culture conditions 

After incubating SK-BR-3 cells for 24 h with the different NP formu-
ations, HSA -sMBS-Tra-NP exhibited a higher mean fluorescence un-
PF 

6 
er serum free conditions than all other samples ( Fig. 3 A). As a further
endency, it was observed that shorter linkers led to more pronounced
ell interaction for trastuzumab-modified NPs. Hence, HSA PF -sMBS-Tra-
P showed the best results followed by the PEGylated NPs according to

heir spacer lengths. In comparison to that, under serum containing con-
itions cells incubated with HSA PF -PEG 5 -Tra-NP did display the highest
ean fluorescence after 24 h, followed by HSA PF -PEG 3 -Tra-NP ( Fig. 3 B).
CF-7 cells showed the same tendency as SK-BR-3 cells after incubation
ith NPs under serum free conditions, but with much lower fluorescence

ntensities ( Fig. 3 C). The shorter the PEG chain and linker, the higher
as the measured mean fluorescence. It was particularly noticeable that

he IgG-modified NP formulation with sMBS as crosslinker showed com-
arable mean fluorescence rates to trastuzumab modification. After FBS
upplementation, mean fluorescence values of MCF-7 cells were compa-
able to untreated control cells for all NP systems over the time period
f 24 h ( Fig. 3 D). 

In addition to flow cytometry, fluorescence microscopy was used
o achieve a qualitative impression on intracellular nanoparticle dis-
ribution (Fig. S6 + S7). Corresponding to FACS analysis, serum free
nd serum containing conditions were analyzed. NPs were visualized as
reen fluorescence signal. Under serum free conditions SK-BR-3 cells in-
ubated with HSA-sMBS-Tra-NP exhibited the most intensive green flu-
rescence signal (Fig. S6A). No notable difference was detected within
Ps modified with PEG and HSA-sMBS-IgG-NP (Fig. S6B-E). In contrast

o that, green fluorescence was mainly detected for HSA-PEG 5 -Tra-NP
Fig. S6I) and HSA-PEG 3 -Tra-NP (Fig. S6H) followed by HSA-sMBS-Tra-
P (Fig. S6F) under serum containing conditions. SK-BR-3 cells incu-
ated with the other NP formulations showed nearly no green fluores-
ence (Fig. S6G + J ). MCF-7 cells showed less cell interaction with NPs
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Fig. 3. Time-dependent cell interaction of antibody-modified PF-labeled nanoparticles with ( A + B ) SK-BR-3 cells and (C + D) MCF-7 cells under (A + C) serum free 
and ( B + D ) serum containing conditions (mean ± SD, n = 3). Results are presented as x-fold increase of the mean fluorescence of untreated control cells. 
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han SK-BR-3 cells (Fig. S7). Overall, slightly more green fluorescence
as detected under serum free conditions (Fig. S7A-E). According to the
reen fluorescence, the most distinctive cell interaction was achieved
ith sMBS-modified NPs as already observed with FACS analysis (Fig.
7A + B ). 

.3.2. Cellular interaction after serum preincubation 

The presence of a preformed protein corona was additionally an-
lyzed and compared to the incubation conditions described above
serum free and serum containing, Fig. 4 A + B). Looking at the cellular
nteraction of the different NPs after 4 h under the three different incu-
ation conditions, a significant influence of protein adsorption on SK-
R-3 cell interaction was monitored for HSA PF -sMBS-Tra-NP (p ≤ 0.05,
ig. 4 A). For HSA PF -PEG 3 -Tra-NP, no significant effects were detectable,
hereas incubation with HSA PF -PEG 5 -Tra-NP and HSA PF -PEG 10 -Tra-NP

ed to an increased cellular interaction under FBS conditions. By com-
aring NP cell interaction with MCF-7 cells, it was observed that protein
dsorption had the strongest influence on sMBS-modified NPs ( Fig. 4 B).
nder serum free conditions mean fluorescence values were consider-
bly higher than for the other incubation conditions. For PEGylated NPs
here was hardly any cell interaction detectable after 4 h compared to
ontrol cells under all tested conditions. 

.3.3. Cellular interaction after trastuzumab preincubation 

Preincubation with free trastuzumab was performed to proof
eceptor-specific interaction of trastuzumab-modified NPs. As MCF-7
ells do not show relevant HER2 expression, only SK-BR-3 cells were
ested. Results show that after trastuzumab preincubation, cell interac-
ion was reduced significantly for all NP systems for both serum free and
7 
erum containing conditions (p ≤ 0.05, Fig. 4 C). Additionally, it can be
oted that by using sMBS as a crosslinker mean fluorescence values were
ot as low as for PEGylated NP systems after trastuzumab preincubation.

. Discussion 

.1. Characterization of antibody-modified nanoparticles 

HSA-NP were prepared according to a well characterized desolvation
echnique [26] . HSA as a biodegradable, biocompatible, nontoxic and
on-immunogenic endogenous protein is well suited for application as
 targeted drug delivery system [27] . Following HSA-NP preparation,
Ps were modified with different PEG spacers for ligand coupling. For

his purpose, PEG as a FDA approved, water soluble, nontoxic, and bio-
ompatible inactive compound was used [28] . Another advantageous
roperty of PEG is that it prolongs the blood circulation time of nanocar-
iers due to its stealth effect which was already utilized for the marketed
ano-drug Doxil® [ 13 , 29 ]. To evaluate the effect of PEG chain length,
hree different linear PEG spacers exhibiting the same end groups but
ifferent molecular weights, namely 3, 5, and 10 kDa, were used. In ad-
ition to PEG, sMBS as shortest possible linker with succinimide and
aleimide reactivity for covalent coupling of a targeting ligand and
referably no stealth effect was analyzed. As an active targeting ligand,
he monoclonal antibody trastuzumab addressing HER2 was used. 

NPs were fully characterized regarding their hydrodynamic diame-
er, PDI, zeta potential, PEG and antibody binding, as these properties
re relevant parameters for NP cell interaction and formation of a pro-
ein corona [ 5 , 16 ]. The observed correlation of increasing NP diame-
er with increasing spacer length compared to native HSA-NP can be
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Fig. 4. Cellular interaction of antibody-modified PF-labeled nanoparticles after 4 h incubation with (A) SK-BR-3 and (B) MCF-7 cells in different environments: 
Serum free conditions (white), serum containing conditions (gray), after preincubation with human serum (black; mean ± SD, n = 3). (C) SK-BR-3 cell association 
after 4 h of incubation with trastuzumab-modified PF-labeled nanoparticles with and without trastuzumab preincubation measured by flow cytometry (mean ± SD, 
n = 3; ∗ p ≤ 0.05). Serum free and serum containing conditions are displayed. All results are presented as x-fold increase of the mean fluorescence of control cells. 
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xplained by the binding of additional water molecules with increasing
EG molecular weight adding to the hydrodynamic diameter [30] . For
ll NP formulations, a PDI below 0.1 indicated a monodisperse size dis-
ribution and with zeta potentials below − 30 mV NPs were sufficiently
tabilized electrostatically [31] . 

Three linear PEG crosslinkers with varying molecular weight were
nalyzed. The aim was on the one hand to find the optimal length for
eceptor-mediated active targeting on tumor cells. On the other hand,
he objective was to obtain minimal effects of serum protein adsorp-
ion on the targeting process. For the coupling reaction, the same molar
xcess of PEG was employed and the percentage of bound PEG was ana-
yzed. The amount of bound PEG was in accordance with previous stud-
es [32] . As only a slight increase of PEG binding with rising PEG length
ould be observed, the approximately same number of PEG chains was
inked per NP independent from PEG length. Hence, the conditions for
ollowing antibody binding were comparable. In addition to the linker
unction for ligands, PEGylation of NPs has several other effects. The
rafting density and the molecular weight of the PEG chains also have
n effect on serum protein adsorption and on receptor-mediated endocy-
osis [ 13 , 33 ]. PEGylation also increases colloidal stability through steric
epulsion as a function of grafting density and linker length [ 34 , 35 ]. As
tated above, in this study the grafting density was nearly constant and
nly the influence of the molecular weight of the spacer was analyzed. 

One disadvantage of PEGylation is a possible hindrance of cellu-
ar uptake of nanocarriers [35] . This disadvantage can be alleviated by
 P  

8 
triving for active targeting with the monoclonal antibody trastuzumab.
n addition to trastuzumab modification, an unspecific IgG antibody
as used as a control. For specific covalent binding of the antibodies,

he maleimide function of the spacer was used. The antibodies were
hiolated with Traut’s reagent beforehand to guarantee that sufficient
ulfhydryl groups are available on the antibody [7] . It was observed
hat longer spacers resulted in a higher percentage of antibody binding.
 possible explanation could be that with increasing linear linker length,

he resulting surface increases as well, whereas the curvature of the NPs
ecreases. These two factors seem to favor the binding of antibodies. 

In conclusion, stable antibody-modified NPs were prepared using dif-
erent crosslinkers for antibody binding. 

.2. Protein adsorption on antibody-modified nanoparticles 

Although intensive research has been conducted in the last years, the
rotein corona still remains one of the biggest obstacles in successfully
aunching nanoparticulate drug formulations on the market [ 36 , 37 ].
herefore, a closer look on corona proteins could contribute to iden-
ify NP parameters which are beneficial for effective active targeting
fter corona formation. For characterization of corona proteins, one-
imensional SDS-PAGE as well as LC-MS/MS analysis was performed.
he corona proteins of HSA-NP, different antibody-modified NPs and
he proteins in native human serum were analyzed. As expected, SDS-
AGE analysis revealed that the most intensive band for HS control was
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SA as it is the most abundant protein in HS [38] . In contrast to that,
SA bands for NP systems were less intense. Additionally other bands
ppeared for the NP samples, showing that NPs could enrich different
roteins in their corona compared to the native serum. Most strikingly,
ll NP systems showed similar band patterns only varying in their in-
ensity. The increased surface hydrophilicity of PEGylated NPs conse-
uently caused less protein adsorption compared to non-PEGylated NPs
39] . In conclusion, these results indicate that the selection of the spacer
oes not have an influence on the identity of the adsorbed proteins, but
ainly affects their quantity. 

In addition, data-dependent LC-MS/MS analysis was performed to
dentify corona proteins and gather more specific information on their
orresponding physiological functions and other protein characteristics.
his data was used to obtain new insights on favorable NP character-

stics and modifications. Many different proteins were identified for all
P samples, but upon PEGylation the number of identified proteins de-
reased. One example was beta-2-glycoprotein 1, which acts as an op-
onin. It was only identified on HSA-NP, but not on PEGylated NPs
Table S5). This was in accordance with a recent publication of our
roup, where beta-2-glycoprotein 1 was only found in the corona of
LGA-NP, but not in the corona of PLGA-PEG-NP [21] . Moreover, the
ecrease of identified proteins correlated with PEG spacer length. This
nding confirmed the shielding effect of PEG dependent on molecular
eight as already noted in many studies [ 13 , 33 , 40 ]. Nevertheless, many
roteins acting as opsonins like immunoglobulins and dysopsonins like
polipoproteins were identified in all NP samples. Pozzi et al. [41] al-
eady described that for PEGylated liposomes with different PEG molec-
lar weights most corona proteins were present in all coronas, including
on-PEGylated liposomes. These results were confirmed in our present
tudy regarding PEG modification of HSA-NP. In agreement with SDS-
AGE analysis, NP starting material seemed to have the greatest effect
n the identity of the corona proteins. 

Relating the identified proteins to different physiological functions
evealed that by far most proteins of all corona samples were involved
n IR. Immune system-related proteins like immunoglobulins and com-
lement factors act as opsonins. They mark NPs for enhanced recogni-
ion by the reticuloendothelial system, leading to rapid clearance from
lood circulation [18] . One example for initiation of IR is complement
3 protein, which is known as one of the most important components of
he opsonin system and was found in all samples (Table S5) [13] . Pro-
eins of other physiological functions were distributed nearly equally.
verall, modification with PEG did only decrease the number of identi-
ed proteins but did not affect their relative distribution regarding their
hysiological functions. 

The comparison of the relative molecular weight distribution showed
hat most proteins had a molecular mass below 29 kDa. These results
re in concordance with previous findings for PLGA-NP [21] . NP size
nd resulting NP curvature are an influencing factor for the identity of
orona proteins [15] . According to Mahmoudi et al. [42] , proteins with
ower molecular weights are attracted to smaller NPs. This is probably
ecause of the higher curvature of small NPs, which creates a greater
arrier for larger proteins to adsorb. In contrast to that, our findings
emonstrate that NP size did not affect the molecular weight distribution
f corona proteins. With slightly increasing NP size, corresponding to a
onger crosslinker, a shift towards higher protein molecular weights was
ot observed. 

In summary, qualitative LC-MS/MS analysis demonstrated only
light variations between the differently modified NPs for the adsorbed
orona proteins. The identity of the proteins seemed to be rather influ-
nced by the NP matrix HSA and not as much by NP properties like
ize and surface hydrophobicity, which were varied with modification.
EGylation only led to less different proteins identified. 

The total number of detected proteins and the distribution of func-
ions and average molecular weights only display general tendencies
f NPs biological identity upon protein adsorption. Information on the
ctual quantity of each protein and the total amount adsorbed, which
9 
re also important for NP destiny, is not provided with the previous
ata. Therefore, the same NP samples were evaluated with a SWATH
C-MS/MS approach. SWATH enables the possibility to examine reten-
ion time-dependent spectra of all possible analytes in a defined m/z

ange (data-independent acquisition) and correlate them to the data of
 spectral library [ 43 , 44 ]. With this correlation, peptides can be identi-
ed from the DIA fragment ion maps and quantitation is possible [43] . It
as to be stated that peak areas of different peptides are not comparable
ith each other due to the peptides’ individual signal response during
C-MS/MS analysis. The most abundant protein in HS, which also acts as
ysopsonin on NPs, is albumin [45] . Favorable effects of high albumin
dsorption seem likely as it was already demonstrated that a preformed
lbumin corona around NPs leads to reduced opsonin adsorption and
lower clearance of NPs from the body [ 35 , 46 ]. As albumin adsorption
as increased for PEGylated NPs only, PEGylation was superior to sMBS
odification with regard to albumin adsorption. Furthermore, two dif-

erent apolipoproteins, apolipoprotein A-I and apolipoprotein C-I, were
nalyzed. Apolipoproteins are components of lipoproteins which medi-
te transport of lipids and cholesterol in the blood and also represent
ysopsonins. Hence, they are known to decrease activation of the retic-
loendothelial system and phagocytosis [20] . Concerning the quantified
polipoproteins A-I and C-I, the type of crosslinker and modification did
ot seem to have an influence on adsorption of these dysopsonins. In
ontrast to that, when quantifying exemplary immunoglobulins, a dif-
erent tendency was observed. Here, modification with PEG did seem
o have a positive effect on the adsorbed protein amount, as it was re-
uced compared to non-PEGylated NPs. Moreover, a higher PEG molec-
lar weight led to a greater decrease in IR-related proteins as already
escribed by others [ 30 , 39 ]. This confirms that PEGylated NPs still ex-
ibit beneficial stealth effects even if a targeting ligand is attached. On
he contrary, sMBS crosslinker was not able to reduce serum protein
dsorption and especially adsorption of opsonins and therefore a pro-
onged blood circulation time cannot be expected. 

Overall, the determined relative quantities of the exemplary pro-
eins were in agreement with the identified numbers of different pro-
eins (DDA measurements). The number of proteins related to IR de-
reased with increasing PEG molecular weight, whereas the total num-
er of lipoproteins nearly remained constant. 

.3. Cell culture studies 

For cell culture studies two breast cancer cell lines with different
ER2 expression levels were used, namely SK-BR-3 cells with overex-
ression of HER2 [47] and MCF-7 cells with normal HER2 amplifica-
ion [48] . Cytotoxic effects of the NP formulations were excluded by
erforming a WST-1 assay. 

To analyze the influence of different crosslinkers on cellular interac-
ion, SK-BR-3 cells and MCF-7 cells were incubated with the PF-labeled
P formulations for different periods of time. Thereafter, cells were an-
lyzed by fluorescent activated cell sorting (FACS). Furthermore, fluo-
escence microscopy images were applied to get a visual impression of
P cell interaction. For both experiments, findings were in good agree-
ent with each other. Two different incubation conditions were exam-

ned, namely serum free conditions and serum containing conditions
ith FBS-supplementation to the culture medium. With supplementa-

ion of FBS to the culture medium, proteins form a corona around the
Ps. This protein corona can affect or even prevent active targeting com-
letely as described before [5] . Our data indicate that culture condi-
ions could influence specific NP cell interaction, as after supplementa-
ion of FBS the extent of cell interaction with SK-BR-3 cells changed for
rastuzumab-modified NP formulations. Generally, NPs showed less cell
nteraction with MCF-7 cells than with SK-BR-3 cells due to the lack of
ER2 receptors. However, the formed protein corona after FBS supple-
entation seemed to inhibit unspecific cell interaction of the NPs with
CF-7 cells completely. In addition, the type of linker and its length

re important factors to consider. PEGylation appeared to be superior
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o sMBS modification. Upon addition of FBS, cell interaction with SK-
R-3 cells was more intensive for PEGylated NPs depending on PEG
olecular weight compared to sMBS modification. Moreover, incuba-

ion of MCF-7 cells with HSA-sMBS-Tra-NP and unspecific HSA-sMBS-
gG-NP displayed comparable higher cell interaction under serum free
onditions for both NP systems. Hence, unspecific interactions for both
MBS-NP systems were very likely. 

From a thermodynamic perspective, there are three major determi-
ants that contribute to the free energy of a system during receptor-
ediated endocytosis: first the bending energy of the membrane

 F membrane ), second the specific ligand-receptor interaction ( F ligand ) and
hird the non-specific energy of the grafted polymer chains ( F polymer )
49] . During binding of the NPs to HER2, F ligand decreases (specific
igand-receptor interaction), whereas F membrane increases due to defor-
ation processes of the cell membrane. F polymer also increases depend-

ng on PEG length. The longer the PEG chain, the more flexible it is and
he higher the loss of conformational freedom during receptor binding.
or successful endocytosis, the decrease in F ligand must overcompensate
he increase of F membrane and F polymer [49] . For longer PEG chains the
ncrease in free energy ( F polymer ) is the limitation for receptor-mediated
nteraction and can explain why the cellular interaction decreased with
EG chain length under serum free conditions. For HSA-sMBS-Tra-NP
he increase in F polymer is lower, thus resulting in higher cellular uptake.
tefanick et al. [50] and Zhao and Feng [9] report the same observa-
ions. Shorter PEG linkers facilitate cellular uptake of HER2 targeted
anocarriers in SK-BR-3 cells. The translational and conformational free-
om of the ligand is lower with shorter PEG linkers and therefore the
ntropic penalty is reduced during binding of the nanocarriers to cells.
ith supplementation of FBS to the culture medium, an additional fac-

or has to be taken into consideration. Cellular interaction of antibody-
odified NPs can be affected by the formation of a protein corona [5] .
his effect was visible for both tested cell lines and impairment by serum
rotein adsorption was a lot stronger for sMBS crosslinker. The influence
f serum protein adsorption on active targeting processes of NPs is also
onfirmed in literature [ 5 , 18 , 51 ]. 

Because of the observed protein effects, the presence of a preformed
rotein corona was additionally analyzed and compared to serum free
nd serum containing conditions. For comparability, the protein corona
as matching SDS-PAGE and LC-MS/MS analysis. The protein corona

eemed to cover most of the targeting ligands of HSA-sMBS-Tra-NP as ac-
ive targeting was reduced significantly for SK-BR-3 cells. Interestingly,
SA-PEG 5 -Tra-NP and HSA-PEG 10 -Tra-NP incubation under FBS con-
itions led to an increased cellular interaction with SK-BR-3 cells. This
ffect could be caused by specific proteins in FBS which induce cell inter-
ction, but has to be further investigated. Additionally, it seemed that a
ower PEG molecular weight of 5 kDa reduced disturbing protein adsorp-
ion but still maintained active SK-BR-3 cell targeting of trastuzumab-
odified NPs. Compared to that an intensive receptor-mediated interac-

ion of NPs with MCF-7 cells was generally not expected due to the lack
f HER2 overexpression. Therefore, a severe influence of protein adsorp-
ion on cellular interaction was not likely, which was demonstrated for
EGylated NPs. 

Uptake of NPs with protein corona generally depends on different
actors, for example on particle properties, cell type and the environ-
ent [37] . SDS-PAGE analysis revealed that most proteins were ad-

orbed on NPs with sMBS linker. Correspondingly, cell interaction ex-
eriments indicated that these NPs were affected the most by forma-
ion of a protein corona, as active targeting was severely reduced in
K-BR-3 cells. PEGylation instead shielded protein adsorption success-
ully and maintained active targeting capabilities. However, if the PEG
inker length is chosen too long (10 kDa vs. 5 kDa), cell interaction is
enerally restricted due to higher entropic penalties upon cell binding
9] . Nevertheless, our evaluation demonstrated that PEGylation with
he right molecular weight is superior to sMBS modification. 

Preincubation with free trastuzumab was performed to saturate
embrane-bound HER2 [7] . Receptors were therefore not available
10 
or receptor-mediated endocytosis of trastuzumab-modified NPs. As
rastuzumab preincubation reduced cell interaction significantly, spe-
ific receptor-mediated active targeting of trastuzumab-modified NPs to
verexpressed HER2 was successfully demonstrated independent of the
inker and its length. The same findings were described for trastuzumab-
odified gold NPs and also for other targeting ligand-receptor combi-
ations like cRGD peptide-modified PEGylated gold NPs [ 5 , 52 ]. 

Additionally, our results indicated that sMBS modification generally
ed to increased unspecific cell interaction, as the mean fluorescence re-
ained higher after HER2 blocking compared to PEGylated NPs. This
as in accordance with the increased cellular interaction of HSA-sMBS-
ra-NP and HSA-sMBS-IgG-NP with MCF-7 cells. This circumstance can
s well be explained with the thermodynamical considerations for NP
ell interaction described above. In contrast to modification with sMBS,
EGylation induces a steric and thermodynamic barrier for NP attach-
ent to the cell membrane and F polymer increases upon receptor binding

49] . Another compensating factor decreasing the overall free energy
s necessary. The diminution of free energy through specific receptor-
igand binding can compensate this effect [49] . Summarizing these re-
ults, a specific interaction through active targeting is more likely for
EGylated NPs than unspecific interaction. For sMBS modification the
arrier that needs to be compensated is very low and unspecific cellu-
ar interaction becomes more likely. Still, specific active targeting was
chieved with all NP formulations. 

. Conclusion 

In this study we demonstrated that several parameters need to
e considered for successful active HER2 targeting of trastuzumab-
odified NPs. Different trastuzumab-modified HSA-NP formulations
ere established by using different linkers, namely sMBS and PEG (3, 5,
0 kDa). We showed that the type of linker for the targeting ligand and
ts length play a crucial role in the extent of active targeting. Shorter
inkers like sMBS seemed favorable, but also led to more unspecific
ell interaction. PEGylation instead induced specific cell interaction,
ut with higher molecular weights less cell interaction was generally
chieved. 

A second important factor is considering the impact of serum protein
dsorption. PEG compared to sMBS minimized protein adsorption, but
id not completely prevent it. The chosen PEG linker length had only
inimal influence on the identity of the corona proteins, but rather in-
uenced protein quantity. Furthermore, protein adsorption could de-
rease specific and unspecific cell interaction of HSA-sMBS-Tra-NP.
eceptor-mediated cell interaction of PEGylated NPs was affected less. 

In summary, by choosing PEG as a linker for an active targeting lig-
nd, it has the advantage of stealth properties. Because of that protein
dsorption can be reduced and active targeting can be maintained. For
election of the right PEG molecular weight, the relationship between
ossible extent of cell interaction and reduced protein adsorption has to
e considered. Moreover, other parameters which are possibly affecting
rotein adsorption and effective active targeting have to be investigated
n the future. 

upplementary materials 

Supplementary material associated with this article can be found, in
he online version, at doi: 10.1016/j.bbiosy.2021.100032 . 
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