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Cell-based assays have become an integral part of pharmaceutical research
and drug development. They offer researchers not only a means to investigate
basic cellular functions and different disease states, but also a way to study
drug action in cells. Nowadays, during the long journey that new drug
candidates take from an early discovery to a final product, all drug candidates
undergo a preclinical test phase where their properties are evaluated using
various cell-based assays. While perhaps the most common and important
goal for these cell-based assays is to ensure that the investigated molecules are
not harmful to cells, cell-based assays are also used to investigate the biological
activity, mechanisms of action, and possible interactions, such as interaction
with other drugs.
With the traditionally used cell-based assays it is a common practice to
alter the investigated pharmaceuticals or cells, or both, to produce a
measurable signal, such as radioactivity, chemiluminescence, or fluorescence.
However, there are well-known issues with this strategy, not the least that by
subjecting the pharmaceuticals and/or cells to these modifications, an
artificial system is created where the cells or pharmaceuticals under
investigation are no longer in their original state. This can have a profound
impact on the properties of the pharmaceuticals or behavior of the cells,
thereby resulting in erroneous readouts. Because of this, different label-free
cell-based assays are an attractive and logical alternative.
Label-free technologies have been applied in the field of drug research and
discovery since the 1980s. During the turn of the last millennium an increasing
number of studies have implemented these methods to measure cellular
activity, such as receptor activation. Nowadays, some of the commercial labelfree devices are designed specifically with cell-based assays in mind. Of course,
these technologies are not without their own challenges. The most prominent
of these stems from the inherit property of these technologies: they are not
sensitive to just a single predefined cellular event or response, but instead they
measure cell activity as a whole. While well-controlled experimental design
can mitigate the contribution of non-relevant cell responses to the measured
label-free signals, advanced signal analysis methods have made, and can be
expected to continue to make, label-free cell-based assays even more powerful
tools for cell studies and help researchers to better understand the effect of
different cellular activities on the label-free signals.
Amongst the different label-free techniques, optical methods have been
widely adopted for cell-based assays. While resonant waveguide grating
(RWG) has been mainly utilized in the investigation of membrane receptors,
namely G protein-coupled receptors (GPCRs) and receptor tyrosine kinases
(RTKs), surface plasmon resonance (SPR) has been applied in the study of a
variety of cellular processes, such as cell adhesion, detachment, spreading,



contraction, cytoskeleton rearrangement, cell-to-cell contacts, monolayer
formation and cell death. Surprisingly, studies on GPCRs with SPR are
relatively low in number, even though they should be of high interest as around
35% of all current drugs mediate their effect via these receptors. Although SPR
has already been shown to be a powerful tool for studying various cellular
processes, its wider use in life sciences is hampered by the challenge in
interpreting the contribution of the cell responses of interest and other nonrelevant responses interfering with the measured signals.
A variety of NPs are used as drug carriers, especially for biological drugs,
in order to protect them from degradation and guide them to diseased cells or
other desired location within the human body, while EVs are naturally
produced nanosized structures that function as message carriers between
cells. Because of the inherent property of EVs to penetrate cellular barriers,
there is a growing interest in using them as “natural” and personalized drug
carriers. This thesis investigates the use of SPR in the context of cellular uptake
studies of nanoparticles (NPs) and extracellular vesicles (EVs), and GPCRmediated signaling. Various approaches to analyze real-time label-free SPR
signals are implemented in order to improve the correlation between the
measured SPR responses and cell activities. The results show, for the first time,
how SPR can be used to measure cellular uptake of NPs and EVs. However,
because NP and EV uptake lead to ambiguous SPR signals, different signal
analysis strategies are investigated and implemented to provide meaningful
SPR responses. Three strategies proved to be effective: (1) varying the
measurement temperature allowed to investigate possible cell entry
mechanisms of different NPs in HeLa cells; (2) correcting the SPR angle
response by removing the contribution of total internal reflection (TIR) angle
shift allowed the quantification of the uptake efficacy of functionalized NPs
into HT-29 colorectal adenocarcinoma cells; (3) comparing the responses
measured with two different wavelengths corrected for the large response
variation observed across different experiments for EV uptake in PC-3
prostate cancer cells. In addition, multiple label-free SPR parameters from the
full SPR curves were analyzed after stimulating different GPCR subtypes,
signaling primarily via Gs-, Gq- or Gi-coupled pathways. It was revealed that by
combining two key label-free parameters, unique label-free signal profiles for
each pathway could be generated, which makes it possible to recognize the
pathway coupling of the receptor subtypes from the label-free responses alone,
which has not been possible before.
Collectively, these results demonstrate how SPR can be effectively utilized
in cell-based assays to investigate NP and EV uptake and cell signaling. Cellbased SPR provides high information content, and with the help of the
developed and used analysis methods, the otherwise hard-to-interpret labelfree signals provide meaningful information on these cell responses.
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As the basic building blocks of life, cells offer the most simplistic view on how
living organisms function. For well over a half century, cells have been isolated
and maintained in laboratory conditions to study basic cellular functions,
disease states, and the effect of pharmaceuticals with cells [1]. Ultimately, all
pharmaceuticals mediate their effect at the cellular level and therefore, in
order to understand drug action, it is important to understand how they
interact with cells and alter cell functions. Over time, cell-based assays have
also become an invaluable part of pharmaceutical research and drug discovery.
The goal of pharmaceutical research and drug development is to find new
treatments and efficient but also safe medicines. In the United States, the Food
and Drug Administration (FDA) has been overseeing that all new drugs are
safe to use since 1938 [2], while in Europe, it was not until the thalidomide
crisis in the late 1950s and early 1960s, which left thousands of newborns
severely deformed, that legislators began to widely implement regulations for
drug safety [3]. Since then, FDA, European Medicines Agency (EMA), and
other regulators around the world have constantly expanded and tightened the
criteria that a new drug candidate has to fulfill in order to be approved for
clinical use. The driving forces for these tightened requirements are partly due
to the increased knowledge on pharmacokinetics and pharmacodynamics, and
the potential harm that can ensue if these properties are not well understood,
and partly due to new methods and technologies becoming available with
which drug properties can be investigated in greater detail. The vast amount
of information required, such as solubility, absorption, distribution,
metabolism, excretion, toxicity, mode of action, potential interactions, etc.,
does not come easily and a number of different analysis technologies are
needed throughout the research and development process to provide all this
information.
The drug discovery and development lifecycle from early candidate
screening to a final product takes on average more than a decade and costs up
to $2.6 billion [4]. As this process progresses, more detailed and
comprehensive information on the drug candidate is required and thus the
number and complexity of the experiments increases. The longer this process
takes, the more costs are accumulated (Figure 1). With current approaches, it
has been estimated that 92% of the costs that are used to develop a new drug
are spent on the research of potential molecules that eventually fail along the
drug development pipeline. Therefore, new methods or technologies that can
shorten the development time or improve the experiment efficacy or
information value can potentially lead to significant cost savings [5], either by
reducing the attrition rate or by rejecting false lead molecules earlier during
the development pipeline.
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As described earlier, cell-based assays have been an integral part of basic
pharmaceutical research applications for a long time. As the analysis methods
have developed, cell-based assays have also become essential tools in drug
discovery thanks to the scientifically relevant data they provide. As cells are
living entities, they can, to some degree, predict in vivo drug behavior [7]. It is
also much simpler and more ethical to conduct experiments using cells during
the early drug discovery and pre-clinical phases than to experiment with
animals or whole organs. Because of these advantages and the advances in
automation and miniaturization, cell-based assays have become feasible to
perform at even earlier stages of the drug discovery process [8].
Cell-based assays can be carried out using non-viable cells, but commonly
cells are cultured in containers, such as multi-well plates, where experiments
can be conducted using viable cells. This allows probing for many different
cellular processes in order to investigate basic cellular functions, but also to
monitor cell reactions to outside stimulus, such as response to drugs. In cellfree biochemical assays, which can be simplistically described as an assay
where two isolated molecules come together to produce a measurable signal,
the measured output is unambiguous but out of cellular context. With cellbased assays the situation is quite different. This is because as living entities,
cells will always respond and react to stimuli in many different ways
simultaneously. Therefore, when cell-based assays are designed, there is a
need for a careful consideration of what will be the measured outcome and
how it will be measured. The outcome can be, for example, the number of
viable or non-viable cells, changes in cell morphology, binding of a ligand or
production of a protein or second messenger [9]. Because the majority of
cellular assay technologies rely on detecting radioactive decay or luminescence
(e.g. chemiluminescence or fluorescence), a suitable reporter has to be
incorporated into the assay. This reporter can be a simple dye, a label
molecule, a gene or other modification performed on cells or used compounds
or both. However, these alterations result in an artificial environment, and can





have an effect on cell behavior and drug properties [10, 11], resulting in false
positives or negatives and hindering the ability of cellular assays to predict the
in vivo effects.
Label-free cell-based assays have sparked interest due to their ability to
measure cell responses without additional reporter compounds, making
assays less susceptible to false readouts. These techniques also measure all cell
responses instead of a single predetermined outcome, ensuring that even
unexpected outcomes are not overlooked. Therefore, results can be expected
to provide better prediction of the in vivo effect. However, because the
measured responses originate from less defined outcomes, many undesired
variables will contribute to the overall measured signals. Although many of
these signal contributors are expected and thus can be controlled, others can
be difficult to predict.
This thesis investigates the suitability of an optical real-time label-free
technique, surface plasmon resonance (SPR), for use in cell-based assays. The
work can be divided into two main research lines: (1) nanoparticle (NP) and
extracellular vesicle (EV) uptake to cells and (2) intracellular signaling via G
protein-coupled receptors (GPCRs). The common underlying theme is in the
implementation of different signal analysis methods, which can mitigate the
interfering signal contributors or otherwise lead to a more meaningful labelfree signal interpretation.
Nanoparticles are becoming increasingly relevant in pharmaceutical
research and drug discovery as a growing number of new drug candidates are
biological macromolecules, such as proteins or genes [12, 13]. Targets for these
therapeutics often reside within cells, where these large macromolecules are
unable to enter on their own because of the barrier posed by the cell plasma
membrane. For this, different NP drug carriers are developed whose purpose
is to protect the drugs and deliver them into the cells and to their desired
target. NPs differ, for example, in their composition, size, shape and surface
properties. These attributes dictate how NPs interact with cells and if they are
able to penetrate the plasma membrane [14, 15]. Cells internalize NPs using
mainly energy-dependent active endocytosis, although in some cases energyindependent entry may also be possible [16]. Investigating and directing NPs
towards different endocytosis routes is important as the fate of NPs and their
ability to release their cargo depends on the route of cell entry [14]. So far,
label-free methods have not been used much in NP drug research, especially
in cell-based assays. Therefore, this thesis investigates how synthetic NPs, as
well as EVs, as emerging potential drug carriers, can be studied using the cellbased SPR method. On the other hand, while label-free techniques have been
utilized for a long time in GPCR research, their capability to detect all receptor
signaling pathways has been lacking. Therefore, we investigated how the high
information content, provided by the SPR method, can aid in GPCR signaling
recognition.



Review of the literature

   
The following literature review gives a general overview of the label-free
detection methods that are used for cell-based assays and the most relevant
research conducted in this field. Because label-free cell-based assays could be
defined as any in vitro method that utilizes cells and does not require the use
of labels, and would cover a vast number of different technologies, this review
will focus on label-free methods that measure living cells in real-time. More
specifically, the focus will be on optical methods, the most widely used labelfree technology in cell-based assays, although other label-free detection
methods will also be briefly described. Additionally, an overview of traditional
well-established label-based cellular assay methods is given in order to better
compare them with label-free real-time technologies.



     
       

 

In this section, a brief look at the most commonly used cell-based assay
methods is given. Methods are introduced under broad categories according
to the measured outcome. The goal is not to give a comprehensive list of all
possible cell-based assays available, but a general view of the assay types that
are the most important and/or widely adopted in the field of pharmaceutical
research and drug discovery. Also, the focus will be on cellular assays that can
be complemented or partially or completely replaced with label-free methods.


      
For any drug intended for human use, it is of utmost importance that it can be
used in a safe manner. Pharmaceutical compounds can cause irreparable
damage to cells and therefore drug toxicity always has to be tested at the
cellular level. On the other hand, the goal of anticancer drugs is to target and
induce cell death in diseased cells, while not affecting healthy cells. Lastly,
whenever experiments with living cells are conducted, it is crucial that cells
remain viable to ensure valid results. Therefore, cell viability and toxicity
assays are a basic toolset in pharmaceutical research and drug discovery.
Cells can be concluded to be dead when any of the following holds true: the
plasma membrane has lost its integrity, the cell has disintegrated into
apoptotic bodies or the cell or its remains have been devoured by neighboring
cells [17]. Cell membrane integrity and cell disintegration can be determined
using several different in vitro methods. In general, the methods can be
divided into two categories: those that detect loss of normal cell function and
those that detect secondary markers. Cell function is usually determined by





evaluating membrane integrity, while secondary markers can, for example, be
the metabolic or enzymatic activity of viable cells.
The most common methods using secondary markers include the ATP
detection assay, protease assays and tetrazolium or resazurin reduction assays.
Resazurin and protease assays indicate the metabolic activity of cells after
substrates that penetrate into viable cells are introduced and metabolized into
fluorescent products [18]. While some tetrazolium compounds can also
penetrate cell membranes, the most common tetrazolium assay measures the
absorbance of a formazan product within the extracellular space after it is
produced via an enzymatic reaction from MTT (3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide). The ATP assay, on the other hand,
measures levels of adenosine 5'-triphosphate (ATP) in cell cultures after the
cell membrane is ruptured. The method is straightforward and sensitive, but
unlike other secondary marker assays, cell viability cannot be monitored over
time. Another common secondary marker method is the lactate
dehydrogenase (LDH) leakage assay. This assay is not sensitive to cell viability,
but instead measures the presence of lactate dehydrogenase enzyme, which
leaks out of the cells only if plasma membrane integrity is lost.
While different methods based on secondary reporters are plentiful and
serve many needs, simpler solutions are often preferred. Membranepenetrating vital dyes, such as trypan blue or different fluorescent DNA
binding dyes, for example propidium iodide, are perhaps the most generally
utilized methods in cell-based assays. The purpose of these methods is to
simply give a quick indication of the number of dead cells in a given cell
population, and they are often used to validate cell viability after conducting a
primary cell experiment. The working principle is straightforward: dyes
penetrate plasma membrane only when the membrane integrity is
compromised, after which the presence of the dye can be observed either
visually (trypan blue) or with fluorescent detection methods (propidium
iodide) [18]. Trypan blue is perhaps the most used assay to discriminate dead
cells as it is easy to perform without the need of specialized equipment.
However, because detection is done visually and is therefore subjective,
inconsistent results can be expected. For more consistent results, a number of
automated instruments that offer a quick read of a single sample or multiple
samples now exist and are widely used by many research laboratories.
In addition to toxicity studies and as a general cellular assay validation
method, cell viability assays can be used in NP research as secondary markers
for NP efficacy [19]. When cytotoxic compounds are enclosed within NPs, the
cell viability serves as a secondary indication of the NPs’ ability to enter cells
and release their cargo.

 
    
Of all the drug targets, around 50–60% are proteins located on the cell
membrane [20] and the majority of small-molecule drugs currently used or
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under investigation target these membrane proteins [21]. The binding of a
drug to its target receptor is a prerequisite for drug action, making receptorbinding assays central. On the other hand, cell membrane receptors are used
to target NPs to only those cells that express a certain receptor by
incorporating receptor-identifying ligands to the surface of the NPs [22].
Often, the target receptor is well characterized and can be isolated in order
to study the receptors and ligand binding in a precisely controlled
environment [23]. While these types of cell-free biochemical assays are widely
available as commercial kits, are often relatively straightforward to perform
and offer high throughput, the biological complexity and close integration of
receptors to their cellular context can make the receptor isolation very difficult
or downright impossible. Alternatively, part of the surrounding cellular
environment can be isolated together with the receptor. For example, the cell
membrane can be extracted along with the membrane bound receptor [24].
However, modern conformational selection receptor theories depict receptors
not as static objects, but as dynamic structures constantly shifting from one
conformation to another, stabilizing to their active state only after binding an
agonist [25]. Therefore, removing a receptor from its natural environment
leads to loss of this dynamic nature, allowing the receptor to exist only in a
single conformation that does not represent the full functionality of the
receptor. As a result, the binding properties of the receptor can be altered [26],
making it more feasible to perform binding experiments using intact cells.
The first receptor-binding assays were based on radioligands and
developed during the 1970s by Lefkowitz and Snyder, among others, and were
soon used in conjunction with intact cells [27-29]. The main principle is fairly
simple: a suitable radioactively labeled ligand is introduced to cells and
receptor binding is quantified by measuring the radioactivity after the
unbound ligand is removed. Alternatively, a ligand that competes with the
same binding site can be introduced, and displacement of the radiolabel is
monitored. Radioligand binding assays made it possible to identify and
characterize a number of new receptors and receptor ligands and modern
variations of radiolabeled-based assays, such as scintillation proximity assays
(SPA), are still used today [30]. However, because of sensitivity issues, the
radioactive waste produced and the relatively short half-life of some
radioactive isotypes, the use of nonradioactive alternatives, specifically
fluorescent labels, has been increasing [31]. Over time, fluorescent methods
have seen several improvements, such as time-resolved fluorescence (TRF) to
reduce background noise [32] and fluorescence resonance energy transfer
(FRET). The principle of FRET differs from the previously described receptorbinding assays in that the signal is generated using two probe molecules: a
donor and an acceptor. The signal is produced only after the probe molecules
come into close proximity of each other. The FRET method offers improved
specificity and can be conducted without washing steps, making it suitable for
automation and high throughput screening [33]. Nowadays, time-resolved
FRET (TR-FRET) is a powerful tool to investigate receptor binding, and





technologies that can measure real-time binding kinetics in living cells have
also been developed [34, 35]. However, photobleaching, the availability of
labeled ligands and label interference with ligand binding can cause problems
in some cases [36].

        
While receptor-binding assays give information on ligand affinity to its target,
the binding event alone does not depict the full complexity of receptor function
in living cells. Rather, it is only the very first step in a highly dynamic process
that leads to altered cell function. It has also been recognized that many
receptors can initiate different signaling pathways in cells depending on the
nature of the receptor–ligand interaction [37]. For example, depending
whether a ligand is an agonist, antagonist or inverse agonist, cell activity is
influenced in different ways. Allosteric modulators, binding elsewhere from
the active binding site of the receptor, can also affect the receptor function but
can be easily overlooked with receptor-binding assays. For these reasons, it is
necessary to measure how cell functions are altered after receptor–ligand
interaction in order to understand the true nature of ligands and their effect
on cells. On the other hand, functional assays are not limited to studying
receptors, and instead many different cell functions can be monitored.
Therefore, functional assays are the primarily used methods when
investigating NPs and EVs.
Several assays have been developed that measure different aspects of the
functional cell response. A simple example of a functional outcome can be
given with ligand-gated ion channels. The opening of these ion channels is
controlled by a ligand that binds to the active site on the channel resulting in
an ion flux across the plasma membrane. This ion flux can be monitored, for
example, by using radioactive ion isotopes or voltage- or ion-sensitive
fluorescent dyes, thus giving information on the actual response occurring in
cells, rather than just the binding event on the ion channel [38]. Often,
however, cellular responses are much more complex than this. For example,
cell membrane-bound receptor tyrosine kinases (RTKs) and GPCRs initiate
complex signaling cascades in cells whereby a multitude of different effector
molecules are regulated and second messengers generated [37, 39]. On the
other hand, NP penetration into cells often occurs via different multifaceted
active uptake mechanisms [40].
Functional assays are the cornerstone of research conducted on GPCRs, the
largest family of membrane receptors [20]. GPCRs are present in all cells in
the human body and involved in a wide variety of physiological processes and
diseases. Currently, there exist approximately 500 drug compounds, or
around 35% of all current drugs, that target over 100 different GPCRs [41].
However, there are over 200 known non-olfactory receptors coded by the
human genome, which are not targeted by any current drug or a drug in
clinical trial. GPCRs are transmembrane receptors that function by binding an
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extracellular ligand, while on the intracellular side they are coupled to the Gq,
GI, Gs or G12/13 classes of G proteins (Figure 2). The G proteins are
heterotrimeric, comprising Gα, Gβ, and Gγ subunits. Receptor activation
transduces extracellular stimuli into intracellular signals by promoting
subunit dissociation, which in turn leads to effector molecule and second
messenger mediated signaling cascades within cells. Although the dissociated
Gβγ complex can mediate its own response, it is the Gα subunit that initiates
the well-characterized signaling pathways in cells [37]. For example, Gscoupled receptor activation leads to an increase in the production of cyclic
adenosine 3',5'-monophosphate (cAMP), while Gi activation decreases cAMP.
Gq, on the other hand, induces inositol-1,4,5-trisphosphate (IP3) production,
which in turn promotes intracellular calcium release. While GPCRs are
coupled mainly to one of the G protein subclasses, they are known, in some
cases, to switch coupling depending on the bound ligand. A phenomenon
known as biased GPCR signaling.
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Calcium assay is a simple and routinely used method to measure changes
in intracellular calcium concentration [30, 43]. It is based on introducing a
calcium-sensitive fluorescent dye to cells and measuring the change in
fluorescence response when the dye binds calcium. With dyes sensitive to
other ions, the method is also applicable for ion channels in addition to GPCRs.
For cAMP and IP3 detection, different assays using fluorescent,
chemiluminescent and radioactive probes have been developed, although the
trend is moving away from radioactive alternatives. Radiolabel assays are
often based on the SPA method. The presence of cAMP or IP3 can be detected





from the signal loss when they displace a radiolabeled probe attached to the
SPA beads or by signal increase when cAMP or IP3 bind to SPA beads in
conjunction with, for example, a radiolabeled antibody [44, 45].
Chemiluminescence and fluorescence detection can be also based on the loss
or increase of the signal. In most assays, endogenous second messengers
compete against their tagged or functionalized molecule analogues in binding
to specific antibodies included in the assay. Dissociation of the probe molecule
causes a loss or increase of the signal as the result in change in the fluorescence
polarization or enzyme activity of the unbound probe molecule or as the result
of separation of a donor and acceptor bead or FRET pair. Some assays can also
be adapted to GPCR types that would not normally give a signal with that
particular assay. This is achieved by genetically engineering chimeric G
proteins or overexpressed promiscuous G proteins in cells [46]. For example,
the signaling pathway initiated by Gi-coupled GPCR does not normally lead to
intracellular calcium increase. However, by co-expressing the Gi-coupled
receptor together with certain chimeric G proteins, the receptor can be linked
to signaling pathways that cause calcium release and thus can be measured
using calcium assay [43].
The functional assays described are widely used and can accurately
measure the presence of specific second messengers, but they are not well
suited for all situations. For example, when investigating orphan receptors
that have no known endogenous ligands, the G protein coupling, and thus
downstream signaling effectors are also unknown. Therefore, assays that
measure more general receptor activation responses are preferred. GPCRs
interact with β-arrestins leading to either activation of alternative signaling
pathways or desensitization of the GPCR by receptor internalization, or both
[37, 44]. Because recruitment of β-arrestins is independent of the G protein
subclass, β-arrestin recruitment assays can be used as a universal method for
all GPCRs. Assays are based on genetically engineered cell lines, where, for
example, fluorescent proteins are fused to both GPCR and β-arrestin [47]. A
distinct signal is generated when β-arrestins are associated with receptors,
bringing the fluorescent tags close together. Other fused protein pairs can lead
to bioluminescent response or activation of a chemiluminescent enzyme.
These types of protein–protein interaction assays are not exclusive to GPCRs
and are widely used to measure many different cellular events. RTKs, for
example, promote movement and co-localization of many cellular proteins
once activated [39]. Different reporters, often FRET pairs, can be incorporated
into these endogenous proteins, producing a measurable signal when these
RTK signaling proteins come together [48].
While the previously described methods detect signaling events that take
place relatively early during the signaling cascade, later functional cell
responses provide additional detection opportunities. These include, for
example, gene transcription, cell proliferation, and apoptosis [39]. While
proliferation and apoptosis are relatively general outcomes and thus can
present great uncertainty, reporter gene assays offer a clear endpoint for
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activated signal transduction pathways. The assay principle is based on
incorporation of a reporter gene under the promoter of interest in the host
cells [45, 49]. Activated signaling transduction pathways promote gene
expression and consequently the production of the reporter protein,
commonly green fluorescent protein (GFP), luciferase or β-galactosidase,
which then produce a detectable signal [49]. In addition to cell signaling, gene
expression is also extensively used for NP studies. As with toxicity-based
assays, NPs can be loaded with reporter genes and the efficacy of the NP to
penetrate the cell membrane and to transfect the reporter gene into the host
cell genome can be detected from the protein production following a successful
transfection [50].
A more general and widely used approach for detecting functional
outcomes are different imaging methods. High content imaging is a powerful
way to monitor many cellular events and processes, such as cell morphological
changes, protein expression and trafficking and translocation of receptors and
other targets [51-55]. Detection can be realized even over time with living cells
[54]. Because imaging is not limited to measuring a single endpoint, it can give
validation on a predicted drug action but can also reveal unexpected outcomes.
The prerequisite of imaging methods is the incorporation of a suitable label or
labels. For this, several, often fluorescent, labels have been developed that
attach to the desired target, either cellular constructs or an extracellular
component or both. The signal can be also triggered, for example, by enzyme
activation or gene transcription. Imaging techniques have become especially
valuable for investigating cellular uptake of NP drug carriers, such as lipidbased NPs, polymeric NPs, and more recently extracellular vesicles [50, 5658]. While flow cytometry is a widely available and robust method that can be
used to quantify NP cell uptake [59], fluorescence-based confocal imaging is a
much more powerful tool not only for quantifying NP cell uptake, but also for
functional visualization of NP cell entry routes. With confocal imaging, the
NPs as well as cellular components, such as the cell membrane and the nucleus
are labeled with an appropriate dye so that particle movements within cells
can be tracked either in fixed time-points [57] or in real-time [56]. Confocal
imaging offers excellent resolution and a three-dimensional view into cells.
However, while undeniably powerful, the methods discussed above rely on
the use of labels and, as already mentioned, can therefore alter cell behavior
and drug properties, a topic discussed in more detail in section 2.4. For this
reason, label-free methods offer a logical and attractive alternative to probe
cells.

 


 

    
  



Different label-free techniques based on mechanical, electrical or optical
signal transduction are utilized in a number of biosensing applications [60-





62]. Over the last couple of decades, these methods have raised interest
especially in applications where they are used for probing intact cells. For this,
different approaches can be implemented. For example, cells can be used as
analytes, whereby cell adherence to specific targets immobilized on sensor
surfaces is detected [63]. Another approach is to culture cells within the
detection chamber and capture cell secretion products on a functionalized
sensor surface [64]. However, in this thesis, the discussion will be limited to
applications where viable cells are immobilized on the sensor surfaces directly
and function as signal transducers themselves. In these types of applications,
label-free signals originate directly from cellular responses and thus, these
measurements could also be categorized as functional cell-based assays.
In the next sections (2.2.1 and 2.2.2), a brief description on the working
principle of label-free techniques is given. The concept of measuring living
cells with evanescent field-based methods and how the label-free signals in
cellular context can be interpreted will be then discussed in the section 2.3.
Also, the reasons why there is a real need for label-free methods is covered in
section 2.4. A more detailed focus will be given to the optical, SPR method, as
it is the main method used in the publications included in this thesis.

    
Optical label-free methods used for cell-based assays include biolayer
interferometry (BLI), resonant waveguide grating (RWG), and SPR [65-67].
BLI is based on the interference pattern shift of white light directed to a fiber
optic sensor surface, whereas RWG and SPR are based on evanescent wave
phenomena at the sensor surface. In SPR, the evanescent wave, or evanescent
field, is formed at the interface of a high refractive index (RI) metal and a low
RI dielectric medium when light couples with free electrons of the metal and
generates surface plasmon waves (SPWs) [68]. SPWs are electromagnetic
oscillations propagating as transverse magnetic waves at the metal-dielectric
interface, decaying exponentially into the dielectric medium as the evanescent
field. Light coupling can be achieved in different ways. With SPR, the most
common method is the Kretschmann configuration [69], which utilizes a high
refractive index prism next to the metal layer, usually gold (Figure 3). As light
passes through the prism, beyond a critical incident angle, it undergoes total
internal reflection (TIR) at the boundary of the prism and the metal and is then
reflected out of the prism. For successful SPW excitation, phase-matching
between light and the SPW has to occur. With Kretschmann configuration this
is practically confined to two variables: the angle of incoming light and the RI
of the dielectric medium within the evanescent field. At the correct coupling
angle, light energy is lost to SPW excitation, which is shown as a decrease in
the intensity of the reflected light. When the RI of the dielectric changes, it can
be matched again by changing the angle of the incoming light (Figure 3). In
RWG, phase matching is achieved differently. Here, the light is coupled to a
waveguide with the help of a grating coupler [70]. Common RWG
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configurations use a broadband light source and shift in the reflected
wavelength is measured as an output. The resonant wavelength most
effectively coupled into the waveguide depends on the RI at the sensor surface
where the evanescent field is generated. With RWG, the penetration depth of
the evanescent field is roughly 150 nm, whereas for SPR it is approximately
half the wavelength of the coupling light. Common SPR devices use
wavelengths of 600−800 nm, resulting in a detection depth within the range
of 200−400 nm.
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The detection principle of label-free evanescent field-based measurements
lies in sensing mass alterations on the sensor surface. As described, SPR and
RWG methods allow the evanescent field to penetrate into the sample layer.
The RI of the sample layer within the evanescent field is determined by the
surrounding environment. During the experiments, the measurement
conditions are kept constant, so that only the mass increase or decrease within
the evanescent field contributes to RI increase or decrease, respectively.
Because these label-free methods provide continuous monitoring of the RI,
kinetic information on the mass alterations is obtained. Depending on the
used device and configuration, data points are normally recorded every few
seconds, although a sampling time down to just a few milliseconds or even
microseconds is possible. When living cells are measured, the mass alterations
on sensors and their effect on the label-free signals can become quite complex,
a topic that will be discussed in detail in section 2.3.





    
In addition to optical methods, different impedance-based technologies are
often employed in cell-based studies. In general, impedance detection is based
on an electric field generated between two gold electrodes or a microelectrode
array deposited on a substrate. A small voltage is applied and the current
between the electrodes is monitored. When cells are grown on the substrate,
they resist the current flow across the electrodes. The impedance readout is
affected by cell adhesion, spreading, motion, morphological changes, and cell
death [71]. In principle, the advantage of the impedance-based systems over
evanescent field-based methods is that the detection is not restricted to the
proximity of the sensor surface, but instead cells are probed across the whole
cellular volume. However, impedance methods lack the high information
content provided by the SPR, which will be described in more detail in section
2.3.2.
Quartz crystal microbalance (QCM) is another label-free method
successfully applied in cellular assay format [60]. It is based on mechanical
sensing of the sensor surface. QCM comprises a quartz crystal disc placed in
between two gold electrodes. When a current is applied between the electrodes
it causes the crystal to oscillate, and information on the thickness and
viscoelastic properties of the sensor surface are obtained by measuring the
changes in resonant frequency and amplitude. The method can detect cell
adhesion, proliferation and cytotoxicity. However, even though it has been
shown that, for example, epidermal growth factor receptor (EGFR) signaling
can also be measured [72], there is a clear lack of studies utilizing QCM in
receptor signaling studies. This might be due to the inability of QCM to detect
the finer intracellular changes occurring during cell signaling events.

 



 





  

The challenge with interpreting label-free signals in cell-based assays arises
from the holistic nature of these methods. Evanescent field-based optical
methods measure all mass alterations within their detection depth, and when
cells are cultured on sensors, any cellular response causing mass movements
within the close proximity of the sensor surface will be registered. Viable cells
respond to many kinds of environmental stimuli, such as a change in
osmolarity, temperature or the shear stress from liquid perfusion [52, 73, 74].
Therefore, strict experimental design is required to rule out any undesired
responses. In this section, an overview of the research conducted so far to
reveal how cellular events reflect label-free signals is given. Discussion is
limited to evanescent field-based methods as these are the most common
methods in label-free cellular assays.
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An essential concept in evanescent field-based label-free detection is the
nature of the evanescent field as described in section 2.2.1. This is especially
relevant in functional cell-based assays because the detection depth of
150−400 nm is only a fraction of that of commonly used epithelial cells, whose
height is in the range of several micrometers. Therefore, the measured area
includes the basolateral cell membrane and is commonly a very small portion
of the intracellular environment. However, it is worth mentioning that there
are exceptions to this. For example, Vala et al. employed enhanced optics to
extend the SPR sensing depth to around 1000 nm [73], whereas Ziblat et al.
utilized a Fourier transform infrared surface plasmon resonance device (FTIRSPR) operating at a near-infrared wavelength to probe cells up to 2000 nm
depth [75]. This was further extended to mid-infrared range by Lirtsman et al.,
achieving an evanescent field penetration depth of 12 μm and was thus capable
of detecting the whole vertical cell volume [76]. However, these
implementations bring their own challenges, as for example water absorption
prevents using certain IR wavelengths [77]. Even though these modifications
are clearly advantageous, they may not be necessary in order to detect the
more distant cell regions. Although not thoroughly investigated, a very
interesting property of the SPR, demonstrated by Viitala et al., is that in certain
cases the total internal reflection (TIR) region of the measured SPR angular
spectrum may reflect changes occurring outside the evanescent field [78]. A
simulated angular spectrum of a cell monolayer showed that the TIR region
angle increased as layer thickness was increased up until 3 μm, and the TIR
responses were also observed experimentally with a Madin-Darby canine
kidney (MDCKII) cell monolayer.
In conclusion, although in the majority of cases the detection depth is
within the range of a few hundred nanometers, evanescent field-based labelfree methods may not be strictly confined to this limitation. Even though the
variation in penetration depth has been utilized to study cell spreading and
morphological changes, studies do not seem to exist that would take advantage
of this penetration depth variation property to interpret more complex
intracellular signal kinetics and dynamics.

 
         
When cells are attached to sensor surfaces to function as signal transducers,
the first step is to immobilize the cells on sensors. To comprehend evanescent
field-based label-free responses in the context of cell-based assays, the effect
of cell attachment and monolayer formation needs to be understood. One of
the first cell-based studies with SPR was performed by Giebel et al.,
demonstrating the use of SPR for monitoring living cell adhesion to a substrate
concurrently with interference reflection microscopy [79]. It was shown that
the SPR signal correlates to cell distance from the surface, with the SPR
angular peak position increasing as cells get closer to the sensor surface.





During cell monolayer formation, the SPR peak position increases as cells
begin to deposit onto the sensor surface, increasing the local RI. Later, as cells
start spreading and forming cell–cell contacts, the RI increase continues until
maximum cell occupancy is slowly reached, resulting in a permanently
increased SPR peak position [80, 81]. The peak position has a linear relation
to surface occupancy and cell density and the surface coverage can be
calculated from the SPR responses [51, 75]. With SPR devices that measure the
whole angular spectrum, additional signal characteristics can be observed.
While the SPR peak position shift relates to RI alterations, the intensity of the
SPR peak is an indication of plasmon scattering and/or absorption and can
give information on cell monolayer integrity (Figure 4). Like the SPR peak
position, the intensity of the SPR peak increases when cells start to make
contact with the sensor surface and during the initial cell spreading [80].
However, when the cell layer becomes more uniform, plasmon scattering is
reduced and the SPR intensity decreases. Cell monolayer uniformity can, in
certain cases, also be seen within the TIR area of the SPR full angular
spectrum. In a situation where cells form close cell-to-cell contacts, the
uninterrupted cell monolayer forms a dielectric trilayer that supports leaky
waveguide modes within the monolayer. This results in an additional
reflection minimum, separate from the peak angular position as observed
using the FTIR-SPR [82]. However, this phenomenon is not necessarily
unique to SPR operating at IR wavelengths as a similar additional peak has
also been reported with SPR using visible light wavelengths [78].
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In addition to attachment, cell detachment is also observed in label-free
responses. Trypsin treatment detaches cells completely, resulting in the SPR
peak position and intensity responses opposite to those during cell
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attachment: a strong decrease in SPR peak position and an initial increase in
peak intensity followed by a decrease [80, 83]. Subtler changes in cell coverage
also cause a decrease in peak position. This was demonstrated by Yashunsky
et al. by introducing perturbations to cell monolayer with a calcium-deprived
medium, which resulted in a moderate decrease in the SPR angle [82].
When cells adhere to a surface, the cell membrane does not make uniform
contact across the whole membrane area. Parts of the membrane attach with
up to 0.5 μm wide and 2−10 μm long focal contacts that can be as close as 10
nm from the surface, while other areas have close contacts or extracellular
contacts with minimum distances of around 30 nm and 100 nm [84]. This
means that even with closely packed cells forming a uniform monolayer, there
is always a portion of extracellular milieu contributing to the label-free signals.
This localized cell adhesion has been studied using SPR microscopy that is
capable of sub-micrometer resolution. Wang et al. showed that cell shrinkage
initiated by a hypertonic environment causes some parts of the cell membrane,
but not all, to detach from the surface leading to a decreased label-free signal,
while the opposite is observed in a hypotonic environment [85]. This means
that in addition to the cell presence as a whole, the presence of the cell
membrane at the subcellular level also contributes to the observed label-free
signals.
From these examples we can conclude that cell occupancy and adhesion
contribute to label-free responses. When evanescent field-based label-free
methods are used to measure intracellular activities (a topic discussed in
section 2.3.3), understanding the contribution that the cell presence has to the
overall label-free signals is important. This will also allow researchers to plan
label-free experiments to better reflect cell responses of interest and to develop
signal analysis tools that may even mitigate the contribution of unwanted bulk
signals originating from cell occupancy and adhesion [86].


     
  
Cells attaching to sensor surfaces introduce a hefty amount of mass within the
evanescent field and, as discussed in the previous section (2.3.2), this results
in RI changes that are readily detectable with label-free methods. Indeed, a
cell monolayer on a sensor leads to more than a two-degree increase in peak
position with angle scanning SPR methods [75]. However, living cells are not
static objects. Instead, they are in a constant state of change, exhibiting active
metabolism, proliferation, and responding to outside stimuli. Many of these
activities cause redistribution of cellular mass, which can be detected using
sensitive label-free techniques.
Cell death, initiated by for example sudden and significant change in
environmental conditions, is a rapid event eventually leading to loss of all
cellular functions and cell detachment. Understandably, cell detachment is
easily detected with label-free methods [83]. However, in programmed cell
death, such as apoptosis, cells undergo an organized series of events. The





apoptosis of different cell lines with various cancer drugs has been studied
using SPR simultaneously with fluorescence and phase contrast microscopy
[87-89]. The results showed immediate SPR responses to cytotoxic
compounds with a timescale from minutes to several hours. While the minutescale responses were more complex, showing both increase and decrease in
SPR peak position, later signals always showed a decrease in peak position,
most probably due to cell detachment. The results were also confirmed by
traditional end-point cell death assays, and it was shown that by monitoring
cell death with SPR, the efficacy of cancer drugs can be evaluated
quantitatively [88, 89]. The early SPR responses were at least partially
attributed to mitochondrial depolarization [89], which is a recognized “pointof-no-return” event after which cell death is inevitable [17].
When looking to understand how label-free signals originate from cellular
activity, the evanescent field again plays a crucial role. Figure 5 illustrates the
principle of detecting living cell reactions with evanescent field-based
methods. As already mentioned, cells are many times larger in size compared
to the penetration depth of the evanescent field. Therefore, cellular activity in
the basolateral cell membrane (the membrane in contact with the surface),
should always cause responses. For example, the degree of plasma membrane
cholesterol enrichment can be detected with SPR [75]. Corrugation, or
rippling, of the basolateral cell membrane results in an increase of the cell
membrane surface area and consequently an increase in the extracellular fluid
volume within the evanescent field. The increase in surface area induces SPW
scattering, while the increased contribution of the extracellular fluid volume
lowers the RI. Together, these changes lead to a decrease in the SPR peak
position and an increase in the peak intensity [83].
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After it was observed that treatments that cause an increase in intracellular
calcium and changes in cell membrane and actin cytoskeleton structure, also
cause complex SPR responses [91], these signal origins were investigated in
more detail. Initially, intracellular calcium was thought to be directly
responsible for the SPR responses [92], but this was soon shown not to be the
case [93]. Instead, cytoskeleton movement showed a close correlation to the
SPR responses. Indeed, cell shape, motility and cell responses are largely
dependent on the cytoskeleton, which is also located close to the cell
membrane and can rapidly rearrange, thus increasing or decreasing the
amount of local mass within the evanescent field [94]. Actin mobilization away
from the basal membrane causes a decrease in the local RI and in the SPR peak
position, whereas actin movement towards the cell bottom increases the RI
and consequently the SPR peak position [93]. The involvement of cytoskeleton
has since been corroborated by several studies [95-99], although some other
studies have found that cytoskeleton rearrangement is not always necessary
for SPR responses [51, 100, 101].
Méjard et al. have suggested that the long range SPR, with a penetration
depth up to 1000 nm, could be better suited to probe intracellular responses
compared to conventional SPR [102]. Although the idea of being able to “see”
deeper into the cells undoubtedly would have its benefits, it nicely
demonstrates the question of what is actually being measured with evanescent
field-based label-free methods. Because the evanescent field is sensitive to
changes in the RI, it might very well be that the shallower probing depth could
in fact show stronger responses and broader response variability because a
mass needs to move within or out of the evanescent field in order for the
change in the RI to register, as shown in Figure 5. Indeed, the long range SPR
was reported to be mostly insensitive to cell membrane spreading [102], a
property that can play a crucial role in many SPR responses.
Label-free responses originating from intracellular events show subtler
changes, with peak position shifts typically up to half a degree, compared to a
change of over two degrees caused by a mere cell presence [75, 91, 97, 99].
Understanding the complex cellular processes responsible for different labelfree responses can be very difficult and no direct correlation on the exact
cellular function and label-free response can be made with absolute certainty.
Even so, cell-based label-free methods have already been successful in drug
research applications, which are based on detecting intracellular mass
alterations. A topic that will be discussed in section 2.4.

  
    
The holistic nature of label-free detection methods means that many factors
together influence the overall observed label-free responses. As discussed in
section 2.3.2, cell adhesion is a prerequisite for label-free measurements.
Ensuring proper adhesion is important as poor cell adhesion can, in the worst
case, lead to a complete loss of label-free signals [103]. Adherent cells often





attach readily to sensor surfaces, but sometimes additional coating with
extracellular matrix (ECM) proteins such as fibronectin, laminin, collagen or
poly-D-lysine, is required. In these cases, non-specific binding of the sample
can occur and needs to be controlled. Furthermore, the type of ECM protein
used can directly impact the observed label-free responses during cell
adhesion [104, 105].
Many environmental conditions also impact signal quality. Temperature
directly effects SPR sensitivity [106], but also influences cell adhesion [105]
and different cellular functions. Depending on the measured cellular response
and cell type, complete loss of label-free signals has been reported when
temperature is lowered to 4 °C or even just to 19 °C [52, 107]. Osmotic pressure
will also result in changes in cell size, with hypertonic solution causing cell
shrinkage and hypotonic environment cell expansion [108]. Often, label-free
measurements are conducted under a constant flow of nutrient solution in a
normal atmosphere. Shear stress caused by liquid flow can activate signaling
pathways [109] and cells normally function within a narrow pH range. The
effect of liquid perfusion to label-free responses has also been experimentally
shown [74]. Therefore, it is important that temperature, isotonic conditions,
flow rate, and pH are all controlled and kept constant during experiments.
Different cell types can also exhibit very different label-free responses even
when seemingly the same cellular responses are measured [67]. What is more,
even the same cell types can exhibit different responses, as it has been shown
that individual cells show variation in their response strength [110]. Usually,
this should not be a problem as most methods measure the mean response of
several hundred to thousands of cells. Nevertheless, the receptor amount
between cells can vary, dividing cells can be in different cell cycle phases and
the passage number can affect the receptor function [111]. These variables may
become relevant when comparing results across different experiments.
Finally, even if trying to predict and take into account everything that can
be expected to contribute to label-free signals, cells react to outside stimuli by
initiating a number of different intracellular activities that can each lead to an
increase or decrease in RI within the evanescent field. Different simultaneous
responses contributing to the overall net RI response will therefore result in
an integrated label-free response, leading to complex signal profiles whereby,
for example, opposing responses can even cancel each other out.
For these reasons, there is a clear need to investigate new ways to separate
different cellular events taking place simultaneously. One approach is to utilize
the high information content of the SPR by implementing new alternative
signal analysis approaches.
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While the traditional cellular assays described in section 2.1 are wellestablished and have provided researchers with excellent tools to investigate
receptor binding and many aspects of cellular functions initiated by various
extracellular stimulus, no method can be considered perfect, and important
drug or cell properties can remain undetected. There are two main concerns
in particular, that can lead to false interpretations. First, most functional
assays require a labeling agent, usually a fluorescent molecule, attached to the
investigated drug or NP or associated with different parts of cells or both. This
can impact the drug or NP properties and cell behavior [10, 11, 112, 113].
Second, the label bound to the drug or NP can become detached, leading to a
situation where only the free label is being monitored and misinterpreted as
the compound of interest. The adverse effects that labels can have on cell
behavior or on drug or NP properties have not been investigated in a
systematic manner. The problem with label use is, however, recognized and
there are ample studies indicating that the concerns are not trivial [10, 11, 112114]. One reason for the lack of extensive systematic studies on the adverse
effects of labeling agents, at least in part, could be that there are no suitable
established methods that offer the means to investigate functional cell
responses without labels. In addition to label-free detection, optical and other
label-free methods provide real-time data with high temporal resolution from
a few seconds even down to microseconds. This is a huge benefit as most
traditional methods are endpoint assays and, therefore, lose the kinetic and
dynamic nature of cell responses.
The following sections describe the most central pharmaceutical cell-based
real-time label-free research conducted to date and some of the benefits these
methods have brought to the field.



    
  
 
 
As mentioned in section 2.1.2, cell membrane receptors are the primary targets
for the majority of current drugs and, therefore, it is not surprising that many
real-time label-free methods have been utilized to investigate these receptors.
Knowing the working principle of evanescent field-based methods, it is
somewhat surprising that SPR has been used to detect receptor binding
directly with intact cells [53]. However, these types of studies are sparse,
probably because detecting receptor binding may be possible only when the
ligand is a relatively large molecule, such as a protein, with enough mass to
reach the level of detection, and because receptors need to reside at the edge
of a thin part of cells within the reach of the evanescent field [115]. Therefore,
most research has been concentrated on detecting and profiling the label-free





responses of intracellular signaling initiated by active membrane receptors
(see Table 1 for examples).
GPCRs and RTKs are two of the most common transmembrane proteins
and their intracellular signaling pathways are well known. Label-free methods
have shown their power for investigating these receptors. Owing to their
extremely high sensitivity, label-free techniques can detect the small mass
variations caused by intracellular signaling cascades. As described in section
2.1.3 and illustrated by Figure 2, once activated, cell membrane receptors
initiate a variety of different responses in cells. Hide et al. were among the first
to show that living cells show a prolonged SPR response after receptor
activation, and that the response was disrupted when signal modulating
compounds were introduced [91]. Applicability of RWG and impedance
methods for cell-based receptor studies were also demonstrated around that
same time [116, 117]. Since then, label-free methods, especially impedance and
RWG-based methods, have been utilized, for example, in GPCR ligand
screening studies [118, 119]. The detection principle for measuring
functionally active receptors with label-free methods is rather interesting.
Depending on the receptor type, different signaling pathways are activated in
cells and GPCR and RTK signaling events are localized at the subcellular level
[120]. When monitored continuously, time-dependent label-free signal
patterns are generated. Some of the pathways produce signal patterns with
distinct signal descriptors by which the activated pathway can be identified.
However, often these signal patterns are not unique and receptor activation is
confirmed by observing loss of a label-free signal with known receptor
inhibitors.
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It is currently unknown which exact cellular events mediate these
characteristic signal patterns. Changes in cellular morphology caused by
cytoskeleton rearrangement are considered to be major contributors [97, 128],





although other early signaling events, independent from the cytoskeleton, are
also shown to cause label-free responses [99]. While the impedance and
evanescent field-based methods can exhibit closely similar responses, some
differences in their signal patterns under matching measurement conditions
often arise [129]. This might be a consequence of different detection principle.
Although changes within the cell attachment region does influence impedance
readout, unlike with RWG and SPR, detection is not limited to the evanescent
field. Indeed, it has been shown that impedance responses are not as sensitive
to cell adhesion as RWG and SPR responses [103]. On the other hand,
impedance and SPR may register different cellular processes during receptormediated cell signaling or alternatively, their spatial and temporal sensitivity
to the cellular events differ [130]. Therefore, direct comparison of the signal
response profiles produced by impedance and optical label-free methods may
not be meaningful, and instead these methods should perhaps be considered
as somewhat complementary. Tracing the origins of receptor-mediated labelfree signals is made even more complicated by the response variation among
different cell types [67]. For example, label-free responses to EGFR activation
in A431 cells originate from the Ras/MAPK pathway, whereas the PI3K/Akt
pathway dictates the responses with UPCI-37B SCCHN cells [116, 121].
Furthermore, response profiles for the same cell types having the same
signaling pathways can differ between label-free methods and instruments
[42, 65, 66, 103, 118, 122-124, 131]. However, deeper discussion on the signal
origins and response differences between different label-free methods is not
within the scope of this work.
Nevertheless, label-free methods have shown their usefulness and benefits
in receptor studies. Thanks to their high sensitivity, they can produce a signal
output even in cells that naturally express such a low number of receptors that
it would be below the level of detection with traditional functional assays. Also,
for example, no functional assays exist that measure downstream signaling
events that would be specific for the G12/13 G protein subclass. Instead,
workarounds using chimeric or promiscuous G proteins are used to direct
signaling to other detectable pathways [46]. However, the validity of these
methods has come into question after it became evident that GPCRs can
activate different signaling pathways depending on the nature of the binding
ligand [9, 37], a property known as biased signaling. Therefore, GPCRs with
modified G protein coupling do not represent the natural pathway selection of
these receptors and can lead to misinterpretations. Because cell-based labelfree methods retain receptors in their native functioning state and detection is
not limited to a specific predefined output, G12/13-coupled GPCRs have been
successfully measured with label-free systems [118, 122, 123]. Recently,
advances have also been made in revealing the true complexity of GPCR
signaling pathways. GPCRs couple to heterotrimeric G proteins consisting of
a Gα subunit and a Gβγ complex. For a long time, the understanding was that
the signaling events leading to measured functional outcomes are mainly
mediated by the Gα subunit. However, there is growing evidence that the Gβγ
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complex also has a crucial role in some cases [127]. While traditional
functional assays may not be suitable to monitor this alternative pathway,
label-free methods are [98, 127]. Also, it has been reported that previously
unidentified functional binding sites for GPCRs might have been uncovered
with the help of unbiased label-free detection [125]. Apart from GPCRs and
RTKs, label-free methods also have the potential to measure the signaling of
endogenous ion channels and action potential [98, 132, 133].
These examples show how the holistic nature of label-free methods can
reveal cellular activities that are difficult or impossible to measure with
traditional label-based methods. However, these label-free results are still
based on detecting only a single parameter (e.g. RI with optical methods)
together with well-planned use of different compounds that inhibit or alter cell
activities. It would be of great interest to know whether deeper insight into
these complex signaling events can be achieved with alternative label-free
signal analysis approaches.



        
Target sites for macromolecular drugs, such as peptides, proteins, DNA and
RNA often reside inside cells. However, the cell membrane poses an
impermeable barrier for these large molecules. Therefore, nanoparticle drug
carriers are becoming increasingly important as they can be used to deliver
macromolecular, as well as poorly soluble drugs to their targets [134].
Pharmaceutical NPs can vary in size, but common NPs targeted for
intracellular delivery range from a few tens to a couple of hundred nanometers
[12, 134]. They can be fabricated from various materials so that desired particle
properties are obtained. Common carriers for drug delivery include inorganic
NPs, such as silica NPs, and lipid- and polymer-based NPs, such as liposomes,
polyethylenimine (PEI) and poly lactic-co-glycolic acid (PLGA) NPs [12]. NP
surfaces can also be functionalized with different agents, some of which can,
for example, protect NPs from degradation, while others are used for active
targeting of NPs [135]. Due to their size, NP entry to cells is controlled by the
cell plasma membrane. Therefore, in general, the aim is to design NPs that
interact with cells in a way that promotes active endocytosis [136]. Endocytosis
is a multi-step process and can occur via different pathways, determining the
fate of the NP. Therefore, for successful drug delivery, it is important to also
control the entry mechanism of the NPs. The common pathways for NP cell
entry include clathrin-dependent and clathrin-independent endocytosis. The
clathrin-independent pathway can be further divided into caveolae-mediated
endocytosis, clathrin- and caveolae-independent endocytosis and
macropinocytosis.
EVs are defined as lipid bilayer particles released by cells ranging from 50
nm to more than 200 nm in size [137]. In addition to size, they can be
categorized by biochemical composition and origin. For example, EVs
originating from multivesicular bodies or plasma membrane are often referred





to as exosomes and microvesicles, respectively [138]. However, the distinction
can be difficult to make and the general term, extracellular vesicle, is
recommended by the International Society of Extracellular Vesicles [137]. EVs
function as intercellular carriers of functional molecules, such as proteins and
nucleic acids, that can alter the behavior of their recipient cells. For a
successful delivery of these molecules, EVs have to penetrate the plasma
membrane. According to the current knowledge, cells internalize EVs using
much of the same uptake mechanisms as NPs [138]. Although, due to isolated
EVs often having a heterogeneous population, multiple routes of cell entry may
be active simultaneously. Recently, cell-derived EVs have been considered to
be able to function as new types of drug carriers [139]. They can be harvested
from cell cultures, purified, modified and loaded with a drug. They are
desirable carriers because of their inherent biocompatibility and low
cytotoxicity.
Understanding the uptake routes of NPs and EVs is a prerequisite for
developing effective drug delivery systems. Traditional methods to investigate
the uptake, such as confocal microscopy, involve the use of labels. Given the
pitfalls of label-based methods and the increasing interest over new
macromolecular therapies, it is somewhat surprising that real-time label-free
methods for the study of pharmaceutical nanoparticles, and especially EVs, in
living cell context are nearly nonexistent. However, some clue to label-free
detection of endocytosis was given by Wang et al. in a study where they used
SPR to monitor lectin binding to cell membrane glycoproteins with fixed and
living cells [115]. A slower dissociation constant was observed when cells were
viable, and it was speculated that this might be due to lectin endocytosis. It has
also been reported that transferrin-induced endocytosis of human transferrin
and Escherichia coli infection resulted in SPR responses that show a decrease
in RI in living cells during the time course of minutes to a couple of hours [52,
54]. Human transferrin enters cells via clathrin-mediated endocytosis and E.
coli promotes the formation of pinocytic vesicles. The human transferrininduced SPR signals were abolished when endocytosis was chemically
inhibited. Furthermore, lowering the temperature to 19 °C strongly inhibited
the SPR response, further indicating a temperature-sensitive, energydependent endocytosis. The endocytosis events for human transferrin and E.
coli were also confirmed by confocal microscopy. Thus, the SPR responses
were concluded to reflect endocytic processes in cells. These studies lend
credibility to the idea that label-free methods can be used to monitor different
internalization processes in cells, and therefore they might be applicable for
cell-based assays in nanoparticle drug research. A research area that is still in
its infancy.




Aims of the study
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The aim of this thesis was to investigate the feasibility of the surface plasmon
resonance technique in living cell measurements to detect and reveal NP and
EV uptake mechanisms and kinetics, as well as intracellular cell signaling
pathways. To improve the information value that the SPR measurements can
provide, different ways to measure and analyze the label-free data were
explored.
The specific aims were:
1. To identify critical variables and establish optimal conditions to ensure
reliable and reproducible SPR measurements with living cells.
2. To investigate the feasibility of SPR for NP and EV uptake studies and
to study how altering NP, EV and cell properties influence the SPR
signals.
3. To measure GPCR-mediated cellular signaling and establish a
correlation between the SPR signal patterns and receptor subtypespecific signaling pathways.
4. To assess how the high information content of the SPR measurements
can be utilized and different data analysis methods implemented in
order to deliver relevant information on the cellular responses.
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Cell Uptake

Real-Time Label-Free Monitoring of Nanoparticle
Cell Uptake
Teemu Suutari, Tiina Silen, Didem S˛en Karaman, Heikki Saari, Diti Desai,
Erja Kerkelä, Saara Laitinen, Martina Hanzlikova, Jessica M. Rosenholm,
Marjo Yliperttula, and Tapani Viitala*

The surface plasmon resonance technique in combination with whole cell sensing is

used for the ﬁrst time for real-time label-free monitoring of nanoparticle cell uptake. The
uptake kinetics of several types of nanoparticles relevant to drug delivery applications
into HeLa cells is determined. The cell uptake of the nanoparticles is conﬁrmed by
confocal microscopy. The cell uptake of silica nanoparticles and polyethylenimine–
plasmid DNA polyplexes is studied as a function of temperature, and the uptake energies
are determined by Arrhenius plots. The phase transition temperature of the HeLa cell
membrane is detected when monitoring cell uptake of silica nanoparticles at different
temperatures. The HeLa cell uptake of the mesoporous silica nanoparticles is energyindependent at temperatures slightly higher than the phase transition temperature of
the HeLa cell membrane, while the uptake of polyethylenimine–DNA polyplexes is
energy-dependent and linear as a function of temperature with an activation energy
of Ea = 62 ± 7 kJ mol−1 = 15 ± 2 kcal mol−1. The HeLa cell uptake of red blood cell
derived extracellular vesicles is also studied as a function of the extracellular vesicle
concentration. The results show a concentration dependent behavior reaching a
saturation level of the extracellular vesicle uptake by HeLa cells.

1. Introduction
Nanoparticles (NPs) are currently utilized in a wide range of
applications from molecular electronics, energy harvesting,
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chemical sensors to medical imaging and drug delivery vehicles. NP based systems have extensively been studied as drug
carriers for almost four decades, because they offer unique
possibilities to improve intracellular delivery, efﬁcacy, and
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reduce toxicity of drugs and therapeutic biomacromolecules
(i.e., nucleic acids or proteins).[1,2] Compared to small molecular drugs NPs interact with cells in a fundamentally different
manner. Small drugs either diffuse or are actively transported
by drug speciﬁc transporters into the cell, whereas NPs,
because of their size, are taken into the cell mostly by active,
energy-dependent endocytic processes,[3,4] although energyindependent cell uptake processes for NPs have also been
suggested.[5–7]
Given the high level of interest in nanoparticle based drug
carriers it is surprising to realize that there are, to our knowledge, no reports yet describing methods for studying the realtime kinetics of label-free NP cell uptake. This is in strong
contrast to the vast knowledge on the different types of cell
internalization routes of NPs, and the role of NP size, composition, and surface properties on cell uptake efﬁcacy.[3,4,8,9]
Much of the knowledge about internalization routes and
NP properties has been determined by using ﬂuorescent
labeling of cells or NPs of interest. The drawback of using
labeling agents is that the chemical modiﬁcation introduced
by the ﬂuorescent probe can affect normal cell behavior or
change the surface characteristics of the NPs. For example, it
has been shown that the cellular uptake of gold NPs coated
with a ﬂuorophore conjugated polymer in dendritic cells was
signiﬁcantly reduced compared to unlabeled gold nanoparticles.[10] Furthermore, in the worst case scenario, a detached
label is being tracked and not the NP itself. Thus, it would be
beneﬁcial to make use of label-free methodologies capable of
tracking NP cell uptake in real-time in order to rule out possible interferences by labeling agents.
Several label-free techniques have been developed for
whole cell sensing, including optical waveguide spectroscopy,[11] resonant waveguide grating,[12] reﬂectrometric interference spectroscopy,[13] surface plasmon resonance (SPR),[14]
and non-optical methods such as impedance spectroscopy[15]
and quartz crystal microbalance.[16] The use of many of these
techniques for whole cell sensing has recently been reviewed
in the literature.[17–21] However, most of these methodologies have been applied to monitor cell– or bacteria–surface
interactions, morphological changes in cells caused by environmental changes, monitoring cell interactions, and cell
responses with drugs, small molecules, and proteins. Interestingly, no label-free techniques have so far to our knowledge
been utilized for real-time monitoring of NP cell uptake.
In this study, the utilization of the SPR technique for
measuring real-time kinetics of NP cell uptake without the
use of labeling agents is shown for the ﬁrst time. The extensively characterized and widely studied drug delivery vehicles, mesoporous silica nanoparticles (SiNPs) and branched
polyethyleneimine–DNA polyplexes (bPEI–DNA PPs), were
used as model NPs in the experiments. The approach makes
use of a conﬂuent cell monolayer grown on the SPR gold
sensor surface which is stimulated with the NPs, while simultaneously measuring the complete SPR angular spectra as a
function of time. This allows determining the kinetic rate constants of NP cell uptake at different temperatures, and consequently the activation energy of the cell uptake by Arrhenius
plots. Additionally, the possibility of determining the cell
uptake kinetics of different doses of extracellular vesicles
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(EVs), i.e., red blood cell derived extracellular vesicles (RBC
EVs) in human epithelial cervical cancer cells (HeLa), is also
demonstrated for the ﬁrst time. The SPR based approach
presented in this study is foreseen to hold high potential in
becoming a powerful platform for mechanistic studies of cell
uptake and cell interactions of various types of NPs.

2. Results
2.1. Nanoparticle Characterization
Figure S1A (Supporting information) presents a transmission
electron microscopy (TEM) image of plain mesoporous
silica nanoparticles (P-SiNPs) used in this study and
shows that dried P-SiNPs have a diameter around 50 nm,
whereas dynamic light scattering (DLS) shows that the mean
hydrodynamic particle diameter is 154 nm when P-SiNPs are
dispersed in 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES) buffer solution (pH 7.2, 25 × 10−3 m) (Table S1,
Supporting Information). This is expected as TEM measures
the actual size of the particles in dry state, while DLS measurements also have a contribution from the stationary hydration layer around the particles when they are dispersed in a
liquid. The ζ-potential measured for the P-SiNPs is −24 mV,
which conﬁrms that they have surface properties resembling
that of pure silica in terms of a net anionic surface charge
(Table S1, Supporting Information). This feature is actually utilized for electrostatically coating the P-SiNPs with
an in-house produced polyethylene glycol-polyethylenimine
(PEG–PEI) copolymer to prepare copolymer coated SiNPs
(C-SiNPs). The C-SiNPs show a mean hydrodynamic diameter of 118 nm and a ζ-potential of +9 mV (Table S1, Supporting Information). The cationic PEI part of the copolymer
anchors strongly to the negatively charged silica surface and
the PEG part forms a steric stabilization layer around the
SiNPs. This is also clearly seen in the ζ-potential values. The
positively charged PEI causes a shift from the characteristic
negatively charged surface of silica to a positively charged
surface after coating with the PEG–PEI copolymer. TEM
images obtained by the negative staining of the C-SiNPs
shown in Figure S1B (Supporting Information) exhibit a
slight reduction in the contrast compared with the P-SiNP
TEM images, but still reveal a clear outer layer on the
C-SiNPs further indicating the success of copolymer coating
on the P-SiNPs. In addition, no distortion was observed in the
C-SiNPs integrity due to the coating process.
The mean hydrodynamic radius of the other nanoparticles used in this study, i.e., bPEI–DNA PPs and the
RBC EVs, were determined to be 245 and 279 nm, respectively (Table S1, Supporting Information). The size of the
RBC EVs were further determined by nanoparticle tracking
analysis (NTA), which tracks single particles and is not as
biased toward larger particles as DLS. A mean particle size
of 194 nm was obtained for the RBC EVs with NTA, which
is slightly smaller when compared with the particle size
obtained by DLS due to the aforementioned reason. The
bPEI–DNA PPs have excess of cationic PEI, which results
in NPs with a high positive ζ-potential of +34 mV (Table S1,
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Supporting Information). The ζ-potential of the RBC EVs
was −13 mV (Table S1, Supporting Information), which is
slightly less negative compared to the P-SiNPs, probably due to
the proteins and glycolipids present on the surface of the EVs.

2.2. Cell Immobilization on SPR Sensor Slides
HeLa cells were successfully immobilized ex situ as a 100%
conﬂuent cell monolayer on gold coated SPR sensor slides
by using ﬁbronectin as an adhesion promoter (Figure S2A,
Supporting Information). The justiﬁcation of using fully conﬂuent cell monolayers for the SPR experiments is twofold:
(1) To ensure that the SPR signal response is entirely originating from the nanoparticle cell interactions and cell uptake
by minimizing any contribution from the nanoparticle–substrate interactions and (2) to synchronize the majority of
the cells to the same cell cycle in order to avoid any contributions caused by cell division on the SPR signal response.
The full SPR spectra measured for a pure
SPR sensor slide before and after immobilization of the HeLa cell monolayer are
shown in Figure S2B (Supporting Information). The HeLa cell monolayer induces
a large increase in the SPR total internal
reﬂection (TIR) angular position and to
the main SPR peak angular position (SPR
PAP) compared to the pure gold-coated
SPR sensor slide. Furthermore, a second
peak starts to appear in the TIR region
indicating that the cell monolayer forms a
weak waveguide on the SPR sensor slide,
which was also utilized as a quality check
tool before performing each NP cell interaction measurement in this study.
The full SPR spectrum of the cell
monolayer measured after the interaction
with NPs shows that the cell monolayer
is still present and intact even after a 4 h
measurement (Figure S2C,D, Supporting
Information). This is indicated by the fact
that (a) the angular position of the TIR
region does not drastically change even
though the SPR PAP increases clearly,
(b) the small peak due to the waveguide
is still visible in the TIR region, and (c) the
peak width at half peak height of the SPR
main peak remains the same. Additionally,
sensors were observed with microscope
after each experiment conﬁrming the presence of a conﬂuent and viable cell monolayer after the measurements.

2.3. SPR Responses during
Nanoparticle–Cell Uptake
HeLa cells were stimulated with 10 μg mL−1
of both P-SiNPs and C-SiNPs, and SPR
small 2016, 12, No. 45, 6289–6300

responses were recorded in order to examine the inﬂuence of the surface properties of the SiNPs on cell uptake
(Figure 1A). There is an initial rapid response in the beginning when SiNPs reach the ﬂow channel, which is due to the
effect of the dimethyl sulfoxide (DMSO) remaining after
diluting the stock solution of SiNPs into the running buffer.
The C-SiNPs induce an SPR PAP increase of 170 millidegrees, whereas the P-SiNPs induces a smaller increase of
130 millidegrees. The SiNPs used in this study differ mainly
in their surface charge, i.e., ζ-potential of +9 mV for the
C-SiNPs and −24 mV for the P-SiNPs. The larger increase
in SPR PAP in the case of the positively charged C-SiNPs
compared to the negatively charged P-SiNPs clearly shows
that SPR in combination with whole cell sensing is capable
of monitoring the cell uptake of NPs in real-time, as well as
distinguishing between cell uptake efﬁcacies of NPs with different surface properties. This is also supported by the fact
that the SPR responses in Figure 1A are in sound agreement
with the confocal microscopy measurements showing that a

Figure 1. A) Real-time SPR signal responses measured with a laser wavelength of 668 nm
during interaction of P-SiNPs (blue squares) and C-SiNPs (red dots) with HeLa cells at 24 °C.
B) Confocal microscopy images after 2 h incubation of P-SiNPs (left) and C-SiNPs (right) with
HeLa cells at room temperature. Bottom image shows the vertical localization of C-SiNPs after
2 h incubation with HeLa cells at room temperature.
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larger amount of the C-SiNPs is internalized and localized
around the nucleus in the cells compared to the P-SiNPs
(Figure 1B and Figure S3, Supporting Information).
It is widely accepted that NPs enter cells mainly through
active, energy dependent endocytosis. This can be utilized to
study the effect of the temperature changes on the cellular
uptake of NPs, and consequently to determine its activation
energy. Figure 2A shows the real-time SPR responses during
the interaction of P-SiNPs with HeLa cells at three different
temperatures. The maximum SPR responses behave counterintuitively by decreasing with increasing temperature. This is
probably due to how the cells respond to NP stimuli at different temperatures as the temperature strongly inﬂuences
the ﬂuidity of the cell membrane lipids and morphology of
the cells. Despite this, the kinetics of the NP cell uptake can
be evaluated by calculating a rate constant, k, for the uptake
from the SPR responses according to Equation (1)

where A∞ is the maximum SPR response reached during the
measurement and At is the SPR response at time t. By using
this approach, the rate constants were estimated to be from
0.006 min−1 at 17 °C to 0.025 min−1 at 24 °C for P-SiNPs and
from 0.010 min−1 at 17 °C to 0.031 min−1 at 24 °C for C-SiNPs.
Furthermore, the rate constant from each of the measured temperature was ﬁtted to an Arrhenius plot by using
Equation (2)
ln (k ) = ln ( A ) −

Ea

(RT )

(2)

(1)

where k is the rate constant, Ea is the activation energy,
R is the gas constant and T is the temperature in Kelvin.
The Arrhenius plots for P-SiNPs and C-SiNPs are shown
in Figure 3A,B, respectively. The linear ﬁt in these Arrhenius plots shows a discontinuity at a critical temperature
(Tc) of 19.7 °C for P-SiNPs and 19.9 °C for C-SiNPs. The
activation energies were, therefore, calculated for temperatures above and below the Tc. The Ea for P-SiNPs below
the Tc was found to be 62 and 12.4 kcal mol−1 above the Tc,

Figure 2. A) Real-time SPR signal responses measured with a laser
wavelength of 668 nm during P-SiNPs interaction with HeLa cells at
three different temperatures: 17 °C (black stars), 20 °C (blue squares)
and 24 °C (red dots). B) First order kinetic ﬁt of P-SiNP cell uptake at
three different temperatures; 17 °C (black stars), 20 °C (blue squares),
and 24 °C (red dots). Dashed black lines are linear ﬁts to data points:
R2 = 0.992 (17 °C), 0.992 (20 °C), and 0.978 (24 °C).

Figure 3. Arrhenius plots of A) P-SiNP and B) C-SiNP for cell interactions
measured at ﬁve different temperatures; 17, 18.5, 20, 22, and 24 °C.
Measurements were carried out with two different laser wavelengths
of 668 nm (blue squares) and 783 nm (red dots). Dashed black lines
are linear ﬁts to data points below and above the phase transition
temperature (arrow) of the HeLa cell membrane.

⎛ A − At ⎞
ln ⎜ ∞
⎟ = − kt
⎝ A∞ ⎠
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whereas for C-SiNPs the corresponding values were 70 and
18.2 kcal mol−1 below and above the Tc, respectively. The
discontinuity in the Arrhenius plots suggests that the properties of the cells and their responses to NP stimulus are dramatically changed at the Tc, which was also seen in the SPR
responses. Interestingly, hardly any SPR response could be
detected for the SiNPs at temperatures above 24 °C. This, on
the other hand, further suggests that the cell uptake mechanism of SiNPs changes when reaching higher temperatures.
SiNPs are inorganic solid NPs and in order to further
evaluate the capability of SPR for monitoring cell uptake of
other NPs, polymer based bPEI–DNA PPs were chosen as a
well-known model NP for further studies. Figure 4A shows
the real-time SPR responses during the uptake of bPEI–
DNA PPs in HeLa cells at three different temperatures.
The maximum shift in the SPR PAP is clearly temperature dependent reaching a maximum value of 630, 340, and
130 millidegrees at temperatures of 20, 28.5, and 37 °C,
respectively. The time for reaching the maximum shift in the
SPR response is shorter the higher the temperature is. This
indicates a faster cell uptake of the bPEI–DNA PPs as a
function of the increase in temperature. However, as in the

case of SiNPs, the maximum SPR response reached during
the measurements decreases when the temperature increases.
This indicates that the changes like mass redistribution in the
cells and/or cell morphology induced by the uptake of the
bPEI–DNA PPs are not as dramatic at higher temperatures
compared to lower temperatures, partially due to the effect
of temperature on the cell membrane ﬂuidity. Furthermore,
after reaching the maximum, the SPR responses start to
decrease. This is probably caused by the fact that there are
other intracellular processes and not only endocytic uptake
processes that start to be activated in the cell.
When using the real-time SPR response to calculate
the kinetic rate constants of the bPEI–DNA PPs uptake in
HeLa cells at different temperatures, an increase in the rate
constant as a function of temperature is clearly observed
(Figure 5A). The rate constant values obtained for the uptake
of bPEI–DNA PPs in HeLa cells were between 0.039 min−1
at 20 °C and 0.232 min−1 at 37 °C. The data obtained by
the confocal measurements agrees well with the rate constants and shows that the bPEI–DNA PPs are accumulated
within the cells at much higher numbers when incubated at
37 °C than at room temperature (Figure 4B and Figure S4,
Supporting Information). The Arrhenius
plot for the bPEI–DNA PPs is shown in
Figure 5B. In this case the Arrhenius plot
shows a linear behavior throughout the
whole temperature range which allows to
determine one single activation energy
of 15 kcal mol−1 for the uptake of bPEI–
DNA PPs in HeLa cells. This indicates that
the uptake of bPEI–DNA PPs follows the
same energy dependent uptake mechanism independent of the temperature.
Although not commonly referred to
as NPs, EVs share common characteristics, e.g., size, morphology and surface
charge, with synthetic nanoparticles, such
as liposomes, which are one of the most
promising NPs used as gene, protein and
small molecule carriers for drug delivery.
Moreover, the characterization methods
and functional analysis of EVs and
synthetic liposomes are often the same.
EVs are also potential drug carriers in the
future and there are currently no efﬁcient
way of determining the rate or the speciﬁcity of EV uptake into cells. Figure 6A
shows the real-time SPR response when
different doses of RBC EVs are allowed
to interact with HeLa cells at 37 °C.
There is a clear correlation between the
SPR response and the EV dose concentration. The maximum SPR responses
were 150, 340, 500, and 580 millidegrees
for RBC EV concentrations of 20, 41,
83, and 165 × 109 EVs mL−1, respectively.
Figure 4. A) Real-time SPR signal responses measured with an SPR wavelength of 668 nm
during bPEI–DNA PP interaction with HeLa cells at three different temperatures: 20 °C (black The ﬁrst order kinetic ﬁt during uptake of
165 × 109 EVs mL−1 of RBC EVs in HeLa
stars), 28.5 °C (blue squares), and 37 °C (red dots). B) Confocal microscopy images after
cells is shown in Figure S5 (Supporting
4 h incubation of bPEI–DNA PPs with HeLa cells at room temperature (left) and 37 °C (right).
small 2016, 12, No. 45, 6289–6300
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Figure 5. A) First order kinetic ﬁt for bPEI–DNA PP cell uptake at
three different temperatures: 20 °C (black stars), 28.5 °C (blue
squares), and 37 °C (red dots). Dashed lines are linear ﬁts to data
points: R2 = 0.998 (20 °C), 0.998 (28.5 °C), and 0.992 (37 °C).
B) Arrhenius plot of bPEI–DNA PP cell interactions measured at ﬁve
different temperatures; 20, 24, 28.5, 33, and 37 °C. Measurements
were carried out with two different SPR wavelengths of 668 nm (blue
squares) and 783 nm (red dots). Dashed line is a linear ﬁt to data
points (R2 = 0.937). Activation energy obtained from the Arrhenius plot
Ea = 62 ± 7 kJ mol−1 = 15 ± 2 kcal mol−1.

Information). The rate constants for the different RBC
EV concentrations were 0.052 min−1 for 20 × 109 EVs mL−1,
0.079 min−1 for 41 × 109 EVs mL−1, 0.137 min−1 for 83 × 109
EVs mL−1 and 0.17 min−1 for 165 × 109 EVs mL−1 (Figure S5,
Supporting Information). The SPR responses and the rate
constants for increasing concentrations of RBC EVs are not
linear (Figure S5, Supporting Information), especially when
reaching the higher concentration, which indicates that HeLa
cells have a limited capacity of taking up EVs originating
from another cell type. The uptake of the RBC EVs by HeLa
cells was also conﬁrmed by confocal microscopy as shown in
Figure 6B.

3. Discussion
The ability of drug delivery NPs to penetrate cellular membranes is essential in order for them to deliver their cargo to

6294 www.small-journal.com

Figure 6. A) Real-time SPR responses measured with an SPR wavelength
of 668 nm during RBC EV interaction with HeLa cells at 37 °C and four
different concentrations: 20 × 109 EVs mL−1 (black stars, N = 3), 41 × 109
EVs mL−1 (red dots, N = 3), 83 × 109 EVs mL−1 (green diamonds, N = 3)
and 165 × 109 EVs mL−1 (blue squares, N = 4). B) Confocal microscopy
images after 2 h incubation of 5 × 109 EVs mL−1 with HeLa cells at 37 °C.

the active target site, which often resides inside the cell, and
has thus a great impact on the NPs efﬁcacy. In this study two
commonly used and very well characterized drug delivery
NPs, i.e., SiNPs and bPEI–DNA PPs, were chosen as model
NPs to show how SPR in combination with whole cell sensing
is utilized as a powerful tool to investigate NP cell uptake.
A prerequisite for successfully monitoring NP cell uptake
with SPR is to ensure a proper immobilization of a conﬂuent
cell monolayer on the SPR sensor - this in order to rule out
any unspeciﬁc interactions between the NPs and the SPR
sensor and to avoid detachment of the cells during stimulation with NPs. In this study the use of ﬁbronectin as an adhesion promoter was required to form a fully conﬂuent and
sufﬁciently adherent HeLa cell monolayer on the SPR sensor
for SPR measurements (Figure S2A, Supporting Information). The formation of a weak waveguide by the HeLa cell
monolayer on the SPR sensor clearly indicates that the cell
monolayer is conﬂuent and that the cells have formed lateral
cell–cell contacts with each other.[22] Thus, the changes in the
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full SPR spectra induced by the immobilization of the HeLa
cells and microscopy images before and after NP stimulation
conﬁrmed the presence of a sufﬁciently adherent conﬂuent
HeLa cell monolayer on the SPR sensor slide (Figure S2, Supporting Information). The increase in the SPR PAP during
NP stimulation of HeLa cells is attributed to a mass increase
within the SPR evanescent wave region of the cell monolayer
caused by intracellular mass redistribution induced by NP
cell uptake (Figure 7). There is also a notable change in the
minimum intensity of the SPR main peak, which is attributed
to morphological changes in the cell monolayer.[23]
The lifecycle of SiNPs and PEI–DNA PPs within cells
has extensively been studied and is quite well understood.
SiNPs penetrate the cell membrane and reach intracellular
constructs already within 10 min.[24] Fluorescently labeled
bPEI–DNA PPs are observed on cell membranes after
30 min, intracellular vesicles governing uptake of bPEI–DNA
PPs are visible within the cells after 1 h and bPEI–DNA
PPs are distributed throughout the whole cell already after
1.5 h.[25–27] These earlier studies show that the ﬁrst steps in
NP endocytosis occur fairly fast.[27]
SPR measures the refractive index of the sample caused
by the mass changes within the evanescent ﬁeld and it
could be argued that no conclusion on endocytosis can be
made from the SPR signal alone. The SPR evanescent ﬁeld
is dependent on the wavelength of the laser. For example,
with the wavelengths 668 and 783 nm used in this study,
the evanescent ﬁeld penetrates only up to a maximum of
300–400 nm into the cells, whereas the height of cells is in the
range of micrometers (Figure 7). Therefore, it is reasonable
to assume that the SPR responses do not originate merely
as the result of NPs binding to the cell surface or accumulation of NPs in the cells. Furthermore, entry of NPs from
the basolateral side of the cells within the evanescent ﬁeld
can be excluded for two reasons: (1) HeLa cells are grown
as a 100% conﬂuent monolayer on the SPR sensor surfaces

Figure 7. Illustration of the origin of the SPR response in combination
with whole cell sensing during NP cell uptake studies. Endocytosis
of NPs induces rearrangement of intracellular mass and cell organels
toward the SPR evanescent wave region as well as changes in cell
morphology which all contribute to changes in the SPR PAP. Changes
in cell morphology are also reﬂected in the minimum intensity of the
SPR main peak.
small 2016, 12, No. 45, 6289–6300

preventing NP access to the basolateral side of the cells, and
(2) if endocytosis would occur from the cell membrane close
to the sensor surface, then morphological rearrangements of
the cell membrane facilitating the endocytosis would cause
a decrease in the SPR PAP and an increase in the SPR peak
minimum intensity.[22,23] However, the results in this study
show exactly the opposite behavior in the SPR responses
and in the full SPR spectra (Figures S2C,D), which means
that the uptake of NPs by HeLa cells takes place from the
apical side. Based on the above, we conclude that the SPR
responses for the NP cell uptake do not originate directly
from the NPs’ contact with the cell membrane, but instead is
caused by morphological changes and rearrangement of the
intracellular material induced by NPs binding to the cell surface, that eventually lead to NP endocytosis (Figure 7). Thus,
the SPR responses indirectly reﬂect the cell uptake of NPs
which consequently allows to detect the early endocytosis
events for different types of NPs with SPR in combination
with whole cell sensing.
It is known that the surface charge has a signiﬁcant
impact on the degree and efﬁcacy of the cell uptake of the
NPs. Due to the negative resting potential of HeLa cells
(i.e., around −50 mV), cationic SiNPs are taken up by the
cells more efﬁciently than negatively charged SiNPs.[28,29]
Sen Karaman et al.[30] have also shown that while the cells
uptake the anionic SiNPs, SiNPs with the same morphology
and size but with a cationic surface charge show enhanced
cell uptake efﬁcacy, while the cell uptake of SiNPs with a
neutral net charge is less efﬁcient due to particle aggregation
leading to particle sizes that are too large for endocytosis.
Thus, by stabilizing SiNPs by electrostatic or steric means
ensures that the particles retain a suitable size for endocytosis. Both SiNPs used in this study have either a negative
or positive net surface charge in the assay conditions used,
while their size and morphology are similar (Table S1,
Figure S1, Supporting Information). Furthermore, any
bias caused by protein aggregation onto the SiNPs in this
study can be excluded as measurements were performed in
serum free buffers or media. The 40 millidegree higher SPR
response for the C-SiNPs compared to the P-SiNPs arises
as the result of an increased cellular uptake of the C-SiNPs
(Figure 1). This is mainly due to the positive surface charge
of the C-SiNPs which interacts more strongly with oppositely
charged negative cell membranes. An increased uptake of the
C-SiNPs can also clearly be seen from the confocal images
(Figure 1B). Overall, the SPR response and confocal microscopy results in this study are in very good agreement with
other studies in the literature that have used traditional ﬂuorescence based in vitro methods for assessing the cell uptake
of similar particles in HeLa cells.
Cationic PEIs, such as branched PEI, are attractive
polymers for gene delivery because of their high buffering
capacity which promotes endosomal release and favors high
in vitro as well as in vivo transfection efﬁciencies of PEI–
DNA PPs.[31] Positively charged PEI–DNA PPs are able to
interact strongly with the negatively charged HeLa cells. Cell
uptake of bPEI–DNA PPs has been shown to be mediated by
both clathrin- and caveolae/lipid raft-dependent pathways in
HeLa cells.[27] The SPR responses are in general much higher

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

34

www.small-journal.com

6295

full papers

www.MaterialsViews.com

for the bPEI–DNA PPs compared to the SiNPs (Figures 2
and 4). This is probably due to the larger size and higher positive charge of the bPEI–DNA PPs compared with either of
the SiNPs, consequently leading to a stronger interaction with
the negatively charged HeLa cell surfaces. This, in turn, leads
to a stronger remodeling of the cell morphology and intracellular material movement toward the basolateral side of the
cells during cell uptake, thus causing higher SPR responses.
The larger SPR responses for bPEI–DNA PPs could also
reﬂect the possibility that bPEI–DNA PPs are taken up by
HeLa cells through a different cell uptake pathway compared
to the SiNPs.
A previous study has shown that there is a correlation
between the temperature and the activation energy of ﬂuid
phase endocytosis in HeLa cells.[32] Endocytosis is inﬂuenced by the physical state of the plasma membrane, which
occurs at different temperatures for different cell lines.
For example, a critical change in the endocytosis in HeLa
cells has been observed at a temperature of 16–17 °C,[32]
whereas for other cells, such as hepatocytes[33] and reticulocytes,[34] a critical change in endocytosis has been reported
to take place at 20 and 26 °C, respectively. These temperature dependent changes were reported to depict a change in
the ﬂuid phase endocytosis. On the other hand, most studies
suggest a strong contribution of clathrin-mediated endocytosis and caveolin/lipid raft-mediated endocytosis of NPs
such as SiNPs and bPEI–DNA PPs,[6,27–29,35] but the exact
mechanism is not yet fully elucidated. These mechanisms
should be energy dependent, and several previous studies
have shown for example that the cell uptake of SiNPs is temperature dependent.[6,28,29] However, the sizes of the SiNPs
showing energy dependent cell uptake mechanisms have
been ≈100 nm and larger. Recent studies suggest that NPs
can enter cells through energy independent mechanisms,
especially in the case of small NPs of ≈50 nm and smaller.[5–7]
Here we have shown that real-time SPR measurements
can be utilized for the determination of the rate constants
of endocytosis and detection of the temperature effects on
the cell uptake of SiNPs and PEI–DNA PPs in HeLa cells
(Figures 2, 4, and 5). The rate constants calculated from
the SPR measurements, i.e., 0.025 min−1 for P-SiNPs and
0.031 min−1 for C-SiNPs at 24 °C; 0.039 min−1 at 20 °C and
0.232 min−1 at 37 °C for bPEI–DNA PPs, are in good agreement with the values of 0.08 min−1 at 22 °C and 0.43 min−1
at 37 °C reported for transferrin endocytosis in rabbit reticulocytes determined by iodine labeling,[34] and with those
of 0.22 min−1 at 37 °C for transferrin endocytosis in human
melanoma cells determined by ﬂuorescence microscopy.[36]
Furthermore, human transferrin utilizes speciﬁcally the
clathrin-mediated pathway for cell entry.[37] The rate constants
above would thus suggest that the SiNPs and bPEI–DNA PPs
are taken up by HeLa cells through clathrin-mediated endocytosis or through another energy-dependent pathway, such
as caveolae-mediated endocytosis. For SiNPs this is in accordance with earlier studies by Desai et al. where ≈ 300 nm SiNPs
were found to be mainly internalized in Caco-2 cells by the
clathrin-mediated route regardless of surface charge.[38]
The rate constants of the SPR responses at different temperatures allow further the determination of the activation
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energy of the endocytosis process of NPs in HeLa cells. The
Arrhenius plots revealed a critical temperature at approximately 20 °C for HeLa cells (Figure 3A,B). Below this temperature, endocytosis requires a higher activation energy of
62–70 kcal mol−1 for the SiNPs, whereas above this point the
activation energy is lowered to 12–18 kcal mol−1. This critical
temperature was found to be very close to the temperature
around 16–17 °C reported by Lin et al. for HeLa cells.[32]
For the bPEI–DNA PPs the Arrhenius plot showed a linear
correlation at temperatures between 20 and 37 °C with an
activation energy of 15 kcal mol−1 (Figure 5B). The activation energy for non-speciﬁc ﬂuid phase endocytosis for HeLa
cells above the phase transition temperature of the HeLa
cell membrane reported by Lin et al. is 5–6 kcal mol−1. This
is signiﬁcantly lower than the activation energy of 12–18 kcal
mol−1 determined for the SiNPs and that of 15 kcal mol−1 for
bPEI–DNA PPs in this study. Activation energies of 17 kcal
mol−1 have been reported for asialoglycoprotein receptor
mediated endocytosis in isolated rat hepatocytes,[33] and
12.3 kcal mol−1 for transferrin mediated endocytosis in rabbit
reticulocytes.[34] This further supports the above conclusion
that the uptake of SiNPs and bPEI–DNA PPs in HeLa cells
takes place through an endocytosis pathway with higher activation energy, such as clathrin-mediated or caveolae-mediated endocytosis, compared to the non-speciﬁc ﬂuid phase
endocytosis in HeLa cells which was shown by Lin et al.[32]
to have a rather low activation energy of 5–6 kcal mol−1.
The linear behavior of the Arrhenius’ plot for bPEI–DNA
PPs uptake in HeLa cells clearly indicates that the endocytic pathway is independent of temperature. However, the
complete loss of SPR response in the case of SiNPs at temperatures above 24 °C indicates that the SiNPs in this study,
due to their small size, are entering the HeLa cells through
passive energy-independent mechanisms. Recently, Zhu et al.
showed that SiNPs with the size of 55.6 nm enter HeLa cells
not only through energy-dependent clathrin- and caveolinmediated endocytosis, but also through an energy independent pathway.[6] This indicates that HeLa cells may have
several different uptake mechanisms for SiNPs as a function
of temperature. The presence or activation of other/clathrinor caveolin-independent cell uptake pathways for ≈300 nm
SiNPs in Caco-2 cells depending on experimental conditions
has also been suggested by Desai et al.[38] They showed that
SiNP uptake in Caco-2 cells was only partly inhibited when
using a clathrin-mediated endocytosis inhibitor, while the
simultaneous use of clathrin- and caveolin-mediated endocytosis inhibitors actually slightly increased the total uptake of
SiNPs in Caco-2 cells.
EVs are lipid bilayer structured vesicles that are secreted
by cells and can be found in most body ﬂuids.[39] EVs encapsulate mRNA, miRNA, siRNA, dsDNA, gDNA, proteins,
and other molecules from their cells of origin, and are
capable in delivering this cargo to recipient cells over long
distances.[40,41] EVs are thought to have potential as new
biomarkers for many diseases, but they are also a focus of
interest as drug carriers.[42–44] EVs could offer beneﬁts over
the current synthetic drug delivery systems, such as better
target recognition and biocompatibility. SPR in combination
with whole cell sensing was employed in this study for further
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evaluating its capability to monitor also the uptake of EVs in
target cells. The results showed that SPR is able to separate
the cellular responses of HeLa cells to different concentrations of RBC EVs (Figure 6A). Thus, it is possible to detect
the real-time kinetics of the EV cell uptake with SPR. The
maximum SPR responses detected and the rate constants
determined for RBC EV uptake in HeLa cells in this study
revealed that there is a saturation level of the uptake of EVs
by HeLa cells (Figure 6, and Figure S5, Supporting Information). This is in good agreement with the study by Saari et
al. where confocal microscopy was used to show that the cell
uptake of EVs from a different origin also reaches a saturation level in prostate cancer cells.[44] Although we have for
the ﬁrst time successfully demonstrated the possibility to
monitor EV uptake in cells through real-time label-free
measurements, further studies with SPR on EV cell uptake
are needed in the future to build a better understanding of
the cell speciﬁcity and actual implications of the real-time
kinetics of the EV cell uptake.
The fate of any NPs inside the cell depends on the route
of internalization. It is commonly thought that NPs taken up
by cells via clathrin-mediated endocytosis often leads to NP
degradation through lysosome fusion, whereas other endocytosis routes such as caveolin-dependent endocytosis allow
NPs to deliver their cargo more efﬁciently to the target organelles inside the cells.[27,43,44] Size, surface charge or modiﬁcation of physical properties of NP surface, among others,
can have a great impact on the endocytosis mechanism of
the NPs.[3,4] Not surprisingly, these properties also effect the
NP afﬁnity to cell membranes. Furthermore, a strong correlation between the adhesion of NPs to cell membranes and
their uptake into cells has been shown.[45] It is also evident
that the selection of the endocytosis route is governed by
the interaction dynamics taking place on the membrane surface of the cell.[35] Therefore, a better understanding of these
early NP interactions with cells and cell membranes would
be of utmost importance when assessing and predicting intracellular kinetics and efﬁcacy of NPs as drug carriers. These
early interactions of NPs with cells and cell membranes are
rarely investigated with real-time label-free systems. The
most widely used characterization techniques are ﬂuorescence based and studies have focused on intracellular localization and trafﬁcking of NPs. Also, proper tools to monitor
and detect early events of NP–cell interactions or uptake in
real-time are partly missing. In this study we have shown that
SPR in combination with whole cell sensing enables the monitoring of cell responses induced by cell uptake of different
types of NPs in real-time without the use of labeling agents.
SPR measurements can be started early on, even before cells
are exposed to any sample. The cell exposure time to NPs,
ﬂow rate and composition of the surrounding media and temperature can be controlled and altered during the experiment.
However, to our current understanding, the SPR in combination with whole cell sensing for studying NP cell uptake
does not directly measure the actual amount of NPs taken
up by the cells or the endocytosis process. The measured
SPR signal response merely indirectly reﬂects this through
changes in cell morphology and intracellular mass redistribution. This might introduce difﬁculties on how to interpret
small 2016, 12, No. 45, 6289–6300

the SPR signal responses, especially if cells are detached from
the SPR sensor surface or other cell processes not related to
endocytosis are activated during the measurements. Therefore, it is of utmost importance to optimize the cell culturing
conditions and cell immobilization protocols on SPR sensors
for each cell line used for SPR whole cell sensing. This can
be rather tedious and time consuming, but once the experimental conditions have been optimized, the preparatory steps
for the SPR whole sensing measurements quickly become a
routine task. Furthermore, currently the throughput for SPR
whole cell sensing measurements is rather low. Even though
the throughput could be improved, the SPR whole sensing
approach is optimally a tool for mechanistic studies of NP
cell uptake rather than a high-throughput screening device.
Despite this, we think that this study has clearly shown that
SPR in combination with whole cell sensing offers unprecedented possibilities to investigate NP–cell interactions and
cell uptake from the very early onset of NP–cell interactions
in real-time and without the use of labels.

4. Conclusion
In this study we have shown that SPR in combination with
whole cell sensing is a useful tool in assessing NP uptake
in cells. The SPR technique can be used for monitoring the
kinetics and dynamics of NP cell uptake under physiologically relevant conditions and temperature, and as a function
of temperature, thus enabling the assessment of cell uptake
efﬁcacy of NPs. This allows studying the inﬂuence of surface
modiﬁcations of NPs on cell uptake, and to verify and compare the cell uptake efﬁcacy of different types of NPs, which
was exempliﬁed with SiNPs, bPEI–DNA PPs and RBC EVs
in this study. Unlike other methods that require the use of
labeling agents and/or which measure only at ﬁxed time
points, or even only the end point, the SPR method introduced in this study monitors the NP cell uptake without any
prior labeling of the NPs. More importantly, the SPR technique allows the measurements of NP cell uptake in realtime, thus providing real-time kinetic information of NP
cell uptake. We also demonstrated for the ﬁrst time how the
signal responses recorded with the SPR can be utilized for
calculating the activation energy of endocytosis and determine the phase transition temperature of cell membranes.
Conclusively, the SPR in combination with whole cell sensing
has a great future potential in providing supportive information to currently widely used label-based methods in NP
and EV research. It can eventually elucidate the real-time
kinetics of the very early stages of NP-cell interactions and
further uptake into cells, phenomena which have not previously gained much attention due to the lack of suitable and
easy to use label-free methods.

5. Experimental Section
Nanoparticle Preparation: P-SiNPs were synthesized according
to the procedure described by Gu et al.[46] For P-SiNPs synthesis,
tetraethyl orthosilicate (TEOS) was employed as silica source
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and cetyltrimethylammonium bromide (CTAB) was utilized as
pore structure directing agent (SDA) in the presence of ethylene
glycol (EG), and the synthesis was performed under basic conditions. The synthesis solution content was with the following ratios
1 CTAB/28.7 NH3/3091 H2O/166 EG/2.22 TEOS. Fluorescein isothiocyanate (FITC), was incorporated into SiNPs by adding the
pre-reacted FITC and aminopropyltriethoxysilanesilane (APTES)
into the silica precursor prior to addition to synthesis solution in
order to provide ﬂuorescence labeling of SiNPs for further confocal
microscopy studies. The pre-reaction of APTES with FITC was carried out in 2.5 mL ethanol with a molar ratio of 2:3 by stirring the
mixture for 2 h under inert atmosphere. The molar ratio between
APTES and TEOS was kept as 1:100.[47] The synthesis solution of
P-SiNPs was kept with stirring for 2 h at 323 K in 250 mL Erlenmeyer ﬂask and subsequently, transferred to static conditions at
323 K overnight. After the synthesis, SiNPs were collected by centrifugation and solvent extraction of the products was carried out
in ethanolic NH4NO3 solution in order to remove the SDA.
After the synthesis of P-SiNPs electrostatic adsorption of the
in-house produced PEG–PEI copolymer[47] was carried out on the
surface of P-SiNPs in HEPES buffer solution (25 × 10−3 M at pH 7.2)
at room temperature overnight. After coating the samples were
centrifuged and washed carefully in order to get rid of the excess
non-adsorbed copolymers in the solution. The copolymer coated
SiNPs were named as C-SiNPs. The prepared SiNPs were re-dispersed and stored in DMSO as 5 mg mL−1 stock suspensions after
their synthesis.
Plasmid DNA (pDNA) coding luciferase was ampliﬁed in
Escherichia .coli and puriﬁed by using a QIAﬁlter Plasmid Giga
Kit (QIAGEN, Germany) according to the manufacturer’s instructions. Polyplexes of bPEI (25 kD, Sigma-Aldrich) and pDNA (bPEI–
DNA PPs) were generated in 2-(N-morpholino)ethanesulfonic
acid (MES)-HEPES buffer (50 × 10−3 M MES, 50 × 10−3 M HEPES,
75 × 10−3 M NaCl, pH: 7.4) with a nitrogen to phosphate molar ratio
(N/P ratio) of 12. The bPEI–DNA PPs were freshly prepared before
each measurement by mixing a pDNA solution (4.0 μg pDNA) with
a cationic bPEI polymer solution (6.4 μg bPEI) at a volume ratio of
1:1. The solutions were rigorously mixed for 1 min to ensure effective complexation between pDNA and bPEI. The ﬁnal mixed solution with the polyplexes was then allowed to equilibrate for 20 min
before use. Cy3 labeled 25 kD bPEI used for preparing the bPEI–
DNA PPs for confocal microscopy studies was a kind gift from Prof.
Francoise Winnik, University of Montreal, Canada.
RBC EVs were extracted from RBC units obtained from Finnish
Red Cross Blood Service and handled anonymously. Only units
that could not be given for clinical use were used in the study. The
research use of the RBC units is in accordance with the rules of
the Finnish Supervisory Authority for Welfare and Health (Valvira).
To remove the cells, 260 mL of RBC concentrate was diluted with
260 mL of PBS and centrifuged ﬁrst 20 min at 805 × g (room temperature) without brake and subsequently at 3000 × g. Resulting
supernatant was ultracentrifuged 1 h at 100 000 × g (+4 °C, ﬁxed
angle MLA-50 rotor, Beckman Coulter) to obtain RBC EVs. EVs were
washed with phosphate-buffered saline (PBS), pelleted by ultracentrifugation (1 h, 100 000 × g, +4 °C, swing out MLS-50 rotor,
Beckman Coulter), suspended in 300 μL and stored in −80 °C
in aliquots for further analysis. The RBC EVs were ﬂuorescently
labeled for live cell imaging by adding 5 μL of 3-octadecyl-2-[3(3-octadecyl-2(3H)-benzoxazolylidene)-1-propenyl]-perchlorate

6298 www.small-journal.com

(DiO, Thermo Fisher) to 1 mL of RBC EV solution containing 5 × 109
vesicles mL−1 in Dulbecco’s PBS (D-PBS), and incubated for 30 min
at room temperature. After this the EVs were ultra-centrifuged at
170 000 × g for 2 h at 4 °C and the pellet was re-suspended in
D-PBS or the cell growth medium and used immediately.
Nanoparticle Size and Zeta Potential Measurements: The hydrodynamic particle size of the SiNPs (diluted in 25 × 10−3 M HEPES
buffer, pH 7.2) and the bPEI–DNA PPs (diluted in MES-HEPES
buffer) were determined by DLS with a Malvern Zetasizer Nano
ZS instrument (Worcestershire, UK). The particle size of the RBC
EV samples (diluted in PBS) were analyzed by NTA by using a
Nanosight model LM14 instrument (Nanosight) equipped with a
blue laser (404 nm, 70 mW) and a SCMOS camera. The morphology,
size, and integrity of dried P-SiNPs and C-SiNPs were determined
by FEI Tecnai 12 TEM (FEI Co., Hillsboro, OR, USA) operated at 80
kV. The negative staining was utilized for C-SiNPs in order to image
existing copolymer coatings on the samples. The net surface charge
in terms of ζ-potentials of the SiNPs, bPEI–DNA PPs and RBC EVs
were determined through electro-kinetic analysis by using a Malvern
Zetasizer Nano ZS instrument (Worcestershire, UK).
Cell Culture: HeLa (human epithelial cervical cancer from ATCC)
cells were cultured in Dulbecco’s Modiﬁed Eagle Medium (D-MEM)
(Gibco) supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Gibco) and 1% penicillin–streptomycin (Gibco). Cells
were maintained at 37 °C in a 5% CO2 humidiﬁed incubator. Cells
were passaged twice per week and medium changed once per
week.
Immobilization of HeLa Cells on SPR Sensor Slides: Gold coated
SPR sensors were obtained from Bionavis Ltd. (Tampere, Finland).
Before the experiments the sensors were cleaned by submerging
them for 5 min in a boiling mixture of 30% ammonia hydroxide
solution (Sigma), 30% hydrogen peroxide (Sigma), and Milli-Qwater (1:1:5, v/v). Hereafter, the sensors were rinsed thoroughly
with Milli-Q-water and dried with nitrogen. Finally, the SPR sensors were autoclaved before seeding the cells on the sensors.
HeLa cells were immobilized on the SPR sensors by ﬁrst treating
80%–90% conﬂuent cells in cell culture ﬂasks with TrypLE Express
(Gibco) and re-suspending them in a complete growth medium.
The SPR sensor was coated with 4.5 μg cm−2 of ﬁbronectin by incubating the sensor for one hour at room temperature in an 8.8 cm2
polystyrene Petri dish using 2 mL of a 20 μg mL−1 ﬁbronectin/PBS
solution. The ﬁbronectin solution was then removed and 2 mL of
cell suspension was pipetted over the sensor to cover the whole
sensor with cell suspension. The cell amount in the cell suspension was adjusted to a seeding density 4.5–6.8 × 104 cells cm−2
in respect of the sensor. Cells were counted by using a Cedex
XS cell counter (Roche Diagnostics, Basel, Switzerland) using a
0.4% Trypan Blue solution (Gibco) to exclude dead cells. Sensors were then cultured at 37 °C in 5% CO2 for up to 48 h until
complete conﬂuency on the sensor was achieved. Scheme S1
(Supporting Information) illustrates the steps for coating the SPR
sensors with a conﬂuent HeLa cell monolayer for SPR whole cell
sensing.
SPR Measurements and Analysis: SPR experiments were performed by using an MP-SPR Navi 200 instrument (Bionavis Ltd.,
Tampere, Finland). The ﬂow channel and microﬂuidics were ﬁrst
rinsed with 70% ethanol and Milli-Q water, and the ﬂow channel
chamber was pre-heated to the desired temperature. The running buffer used for the SPR experiments was D-MEM without
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FBS supplemented with 10 × 10−3 M HEPES, pH 7.4. Before each
experiment the sensors with the cells were observed visually
under a light microscope for cell monolayer integrity, cell morphology, and conﬂuency. Sensors were then inserted to the slide
holder and the glass side of the sensor was cleaned with 70%
ethanol to remove any impurities that could affect optical properties. The slide holder with the sensor was immediately inserted
into the SPR device and the ﬂow channel was quickly ﬁlled with
the running buffer either manually in the case of SiNPs and bPEI–
DNA PPs or with a continuous ﬂow of 25 μL min−1 in the case of
RBC EVs. At the beginning of each experiment, an initial scan of
the full SPR angular spectrum between 40° and 78° was recorded.
An angular scan spectrum between 57° and 75° was then selected
for all experiments as this range was sufﬁcient to cover the whole
refractive spectrum of interest when a cell monolayer was present
on the sensor. The angular spectrum was scanned approximately
every 2 s. Scanning was simultaneously performed by using two
laser wavelengths, i.e., 783 and 668 nm. Before injecting the NPs,
cells were allowed to adjust and stabilize inside the ﬂow channel
for 30 min. After this, the SiNPs or bPEI–DNA PPs were manually
slowly injected into the ﬂow channel within 1 min, whereas the
RBC EVs were introduced into the ﬂow channel by continuous
ﬂow of the RBC EV sample with a ﬂow speed of 25 μL min−1. The
SPR signal responses of the NP uptake in the cell monolayer were
monitored from 50 min to a few hours under static conditions for
SiNPs and bPEI–DNA PPs and under constant ﬂow for the RBC EVs.
After the SPR experiment, the sensor was observed under a light
microscope for cell monolayer integrity and morphology. Trypan
blue test was used to check the cell viability. All the NP samples
were diluted to the desired concentration with the running buffer
just before sample injection to the ﬂow channel. The ﬁnal concentrations of the samples were 10 μg mL−1 for SiNPs, 2 μg mL−1 with
respect to pDNA for bPEI–DNA PPs and 20 × 109–165 × 109 EVs mL−1
for RBC EVs.
Confocal Microscopy: For confocal microscopy studies, HeLa
cells were seeded on a glass-bottom chamber slide (Lab-Tek) and
the NP sampling was carried out after the cells reached a conﬂuence level of 50%–70%. The SiNPs and the bPEI–DNA PPs were
suspended in FBS free D-MEM to a concentration of 10 μg mL−1
in the case of SiNPs and 2 μg mL−1 in respect of pDNA concentration in the case of the bPEI–DNA PPs. Hereafter, the medium containing the NPs was applied to the cells and incubated either at
room temperature or 37 °C. After 4 h of incubation the cell media
was removed and cells were washed with PBS and treated with
Trypan blue (Fluka, 200 μg mL−1) for 7 min at room temperature.
Then, cells were washed with PBS and labeled with rhodaminelectin (Vector Laboratories) for 15 min at room temperature. Thereafter, cells were washed and ﬁxed with 4% paraformaldehyde for
10 min at room temperature. Cells were washed one last time
and then mounted on glass slides using VECTASHIELD Mounting
Media containing 4′,6-diamidino-2-phenylindole (DAPI, Vector
Laboratories, Burlingame, CA, USA). Particle endocytosis was
analyzed using a Zeiss LSM510 META confocal microscope (Carl
Zeiss Microscopy GmbH, Jena, Germany) with a 63× oil objective
405 nm/488 nm/543 nm excitation.
Live cell imaging of RBC EVs was performed by covering the
HeLa cells with the DiO stained RBC EVs re-suspended in the
growth medium. Then, DAPI (1 mg mL−1 Thermo Fisher) was
added to stain the nuclei and live cell imaging was performed at
small 2016, 12, No. 45, 6289–6300

37 °C using a 3I Marianas confocal microscope (63× oil objective,
405 nm/488 nm excitation).

Supporting Information
Supporting Information is available from the Wiley Online Library
or from the author.
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Table S1. Particle size and ζ–potential of P-SiNPs, C-SiNPs, bPEI:DNA PPs and RBC EVs.
Nanoparticle
Plain silica NP
Coated silica NP
bPEI:DNA N/P =
12
Red blood cell
EXOs

Size (nm)
158 nm*
52 nm**
118 nm*
245 nm*

ζ potential (mV)

279 nm*
194 nm***

-13

-24
+9
+34

* Size determined by dynamic light scattering.
** Size determined by electron microscopy (supporting Figure S1).
*** Size determined by nanoparticle tracking analysis

a

b

Figure S1. Transmission electron microscopy images of plain silica nanoparticles (P-SiNPs,
upper image) and PEG-PEI coated SiNPs (C-SiNPs, lower image) (scale bars: 200 nm).

2
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A

B

C

D

Figure S2. A) Optical microscopy picture showing the morphology of the confluent HeLa
cell monolayer on an SPR sensor. Scale bar: 200 Pm. B) Full SPR angle scans of a plain gold
coated SPR sensor (black line) and an SPR sensor coated with a confluent monolayer of HeLa
cells (blue line). Measurements performed at 20oC in D-MEM supplemented with 10 mM
Hepes with an SPR laser wavelength of 668 nm. C) Full SPR angle scan for an SPR sensor
coated with a HeLa cell monolayer before (blue line) and after 90 min (red line) interaction
with C-SiNPs. Measurement performed at 24oC in D-MEM supplemented with 10 mM Hepes
with an SPR laser wavelength of 668 nm. D) Full SPR angle scan for an SPR sensor coated
with a HeLa cell monolayer before (blue line) and after 100 min (red line) interaction with
bPEI:DNA PPs. Measurement performed at 20oC in D-MEM supplemented with 10 mM
Hepes with an SPR laser wavelength of 668 nm.

3

43

PUBLICATION I: RealTime LabelFree Monitoring of Nanoparticle Cell Uptake

Figure S3. Confocal microscopy images after 2 hour incubation of P-SiNPs (left) and CSiNPs (right) with HeLa cells at 37qC. Bottom image shows the vertical localization of CSiNPs after 2 hour incubation with HeLa cells at 37qC.
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Figure S4. Overlay of the bright field image of HeLa cells with confocal fluorescence
microscopy images after 4 hour incubation of bPEI:DNA PPs with HeLa cells at room
temperature (upper image) and 37qC (lower image).
5
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Figure S5. First order kinetic fit for RBC EV (165 × 109 particles/ml) cell interaction (blue
open circles) measured at 37qC. The black tgadashed line is the first order reaction kinetic fit
to the data points. Insert table (upper right corner) shows the first order rate constants and the
corresponding regression values for the first order fit to the SPR responses measured during
interaction of different concentrations of RBC EVs with HeLa cells. Insert graph (lower left
corner) shows the maximum SPR response recorded during interaction of different
concentrations of RBC EVs with HeLa cells.
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Scheme S1. Schematic illustration of the procedure for immobilizing cells on SPR sensors for
whole cell sensing.
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ABSTRACT: The exploitation of curcumin for oral disease
treatment is limited by its low solubility, poor bioavailability,
and low stability. Surface-functionalized poly-lactic-co-glycolic
acid (PLGA) nanoparticles (NPs) have shown promising
results to ameliorate selective delivery of drugs to the gastrointestinal tract. In this study, curcumin-loaded PLGA NPs (CPLGA NPs) of about 200 nm were surface-coated with
chitosan (CS) for gastro-intestinal mucosa adhesion, wheat
germ agglutinin (WGA) for colon targeting or GE11 peptide
for tumor colon targeting. Spectrometric and zeta potential
analyses conﬁrmed the successful functionalization of the CPLGA NPs. Real-time label-free assessment of the cell
membrane-NP interactions and NP cell uptake were
performed by quartz crystal microbalance coupled with supported lipid bilayers and by surface plasmon resonance coupled
with living cells. The study showed that CS-coated C-PLGA NPs interact with cells by the electrostatic mechanism, while both
WGA- and GE11-coated C-PLGA NPs interact and are taken up by cells by speciﬁc active mechanisms. In vitro cell uptake
studies corroborated the real-time label-free assessment by yielding a curcumin cell uptake of 7.3 ± 0.3, 13.5 ± 1.0, 27.3 ± 4.9,
and 26.0 ± 1.3 μg per 104 HT-29 cells for noncoated, CS-, WGA-, and GE11-coated C-PLGA NPs, respectively. Finally,
preliminary in vivo studies showed that the WGA-coated C-PLGA NPs eﬃciently accumulate in the colon after oral
administration to healthy Balb/c mice. In summary, the WGA- and GE11-coated C-PLGA NPs displayed high potential for
application as active targeted carriers for anticancer drug delivery to the colon.

1. INTRODUCTION

namely charge, hydrophilic/lipophilic features, and targeting
agents, dictate their interaction with cells and consequently
their bioselectivity. For example, negatively charged NPs are
poorly taken up by cells compared to positively charged
NPs.11,12 On the other hand, surface-coated NPs with targeting
moieties have been developed to enhance the cell selectivity
and the intracellular delivery of drugs with a narrow
therapeutic window and low cell membrane permeability.13
Poly-lactic-co-glycolic acid (PLGA) NPs decorated with
mucoadhesive materials, including polymers, lectins,14 and

Curcumin is a natural product with a wide range of
pharmacological activities, including anti-inﬂammatory,1,2
antioxidant,3,4 and antimicrobial eﬀects.5,6 The most attractive
property of curcumin is, however, its ability to inhibit cell
proliferation and induce apoptotic cell death of a wide variety
of tumor cells.7,8 Unfortunately, the exploitation of curcumin
as anticancer agent is hampered by its low solubility and rapid
decomposition in aqueous medium, photo-instability, and poor
bioavailability.
Nanoparticles (NPs) have widely been studied as drug
carriers for anticancer drug delivery9,10 because they can
protect drugs from harsh environments and enable sustained
drug release or tumor targeting. The surface properties of NPs,
© 2019 American Chemical Society
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peptides,15 have been developed for oral administration to
selectively deliver drugs to the gastro-intestinal tract (GIT).
Chitosan (CS) coating can endow NPs with mucoadhesive
properties and enhanced transmucosal penetration.16−18 CS
can also promote coulombic interactions with negatively
charged cancer cells, which translocate negatively charged
constituents of the inner layer of the cell membrane (e.g.,
phosphatidylserine, anionic phospholipids, glycoproteins, and
proteoglycans) to the cell surfaces.19
Small molecules and macromolecules have also been
exploited to generate targeted NPs with speciﬁc mucoadhesivity or cell surface selectivity. Lectins, the second generation
mucoadhesives,20 enable site-speciﬁc targeting to mucosal cells
through noncovalent carbohydrate residue binding.21,22 For
example, wheat germ agglutinin (WGA) is a dietary lectin that
recognizes N-acetyl-D-glucosamine and sialic acid exposed on
the cell membranes of human colonocytes, colon cancer cells,
and prostate cancer cells.23 EGF analogue peptides such as
GE11,24 a peptide devoid of bioactivity, have been used to
produce drug delivery systems that selectively target the
epidermal growth factor receptor overexpressed on tumor
cells,25,26 including gastric, colorectal, oesophageal, nonsmall
cell lung cancer, and ovarian cancer cells.27,28
The biopharmaceutical and pharmacokinetic (PK) characterization of tailored NPs is a critical step in the development
of eﬃcient drug delivery systems. Real-time label-free in vitro
analytical techniques can provide complementary information
to conventional label-based biochemical and in vitro cell
culture assays. This can improve the cost- and time
eﬀectiveness of the development of NPs by providing new
complementary tools for selecting candidates with the
biopharmaceutical requisites for further in vivo testing, as
well as for building a better comprehension of their PK
behavior.
Quartz crystal microbalance (QCM) combined with solid
supported lipid bilayers (SLBs)29,30 and living cell sensing with
surface plasmon resonance (SPR)31−35 are two real-time labelfree in vitro surface-sensitive technologies providing rapid
information on interfacial processes while obviating the need
for additional labeling processes. Although, SPR and QCM
have been used since the 1990s for biomolecular interaction
studies, they are still unexplored for research and development
of pharmaceutical nanosystems. The QCM is a mechanical
measuring technique providing nanoscale sensitivity for mass
and viscoelasticity measurements by utilizing the changes in
resonant frequency and dissipation of quartz crystal resonators
upon the deposition of mass on the sensor surface. The SPR
technique, on the other hand, relies on the SPR phenomena
and measures the changes in the refractive index in the close
vicinity of SPR metal sensors upon mass deposition on the
sensor surfaces.
The main objective of the present study was to investigate
the targeting of curcumin-loaded PLGA (C-PLGA) NPs to
human colorectal adenocarcinoma cells (HT-29). Accordingly,
C-PLGA NPs were surface coated with CS, WGA, and GE11
in order to improve the cell uptake of the NPs and
consequently ameliorate the delivery of curcumin to the
cells. The behavior of these three platforms was investigated
with new label-free approaches and traditional methods. Realtime label-free QCM and SPR measurements were used to
assess the cell membrane surface interactions and targeting
capability of noncoated and coated C-PLGA NPs to HT-29
cells. Complementary physicochemical characterization of

noncoated and coated C-PLGA NPs were performed through
particle size, zeta potential, drug entrapment eﬃciency, and in
vitro drug release kinetics measurements. Traditional in vitro
cell studies were also performed to determine in vitro cell
uptake of curcumin and cell viability of HT-29 cells. Finally, a
preliminary in vivo study with healthy Balb/c mice was
performed to evaluate the accumulation of noncoated and
targeted C-PLGA NPs in the colon after oral administration.

2. EXPERIMENTAL SECTION
2.1. Materials. Curcumin was purchased from Cayman
chemical company (China, purity 91%). Acid-terminated
poly(D,L-lactide-co-glycolide) (PLGA, 50:50, 7−17 kDa MW,
Resomer RG 502H), polyvinyl alcohol (PVA, 31−50 kDa
MW; 87−89% hydrolyzed), chitosan (CS, medium MW),
ethylene glycol-bis(2-aminoethylether)-N,N,N′,N′-tetra-acetic
acid (EGTA, purity ≥ 97%), 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate (CHAPS, purity ≥
98%), Triton X-100 (purity for molecular biology), Nhydroxysuccinimide (NHS, purity 98%), mannitol (purity ≥
98%), sodium taurocholate (purity ≥ 95%), trypan blue
solution (purity suitable for cell culture), and the MTT-based
in vitro toxicology assay kit were purchased from SigmaAldrich (Finland). WGA was purchased from Vector
laboratories, Inc. (USA). Mucin extracted from porcine
stomach (Type III) and pepsin from porcine gastric mucosa
were purchased from LEE Biosolutions (USA). Pectinase from
Aspergillus niger was purchased from Sigma-Aldrich Life
Science (Denmark). N-(3-Dimethylaminopropyl)-N-ethylcarbodiimide hydrochloride (EDC, purity ≥ 99%) was purchased
from Fluka Analytical (Japan). Cyanine 5.5 NHS ester (Cy5.5NHS, purity 95%) was purchased from Lumiprobe GmbH
(Germany). The GE11-PEG-NH2 and the Cy5.5-PEG-NH2
were synthesized according to the protocols set up by Balasso
et al. to conjugate the peptide PreS1 and the ﬂuorescent probe
rhodamine, respectively, to NH2-PEG-NH2.36 L-α-Phosphatidylcholine (eggPC, purity 95%), 1,2-dioleoyl-sn-glycero-3[phospho-L-serine] (sodium salt) (DOPS, purity > 99%),
and 1,2-dioleoyl-sn-glycero-3-phosphatidylcholine (DOPC,
purity > 99%) were purchased from Avanti Polar Lipids
(USA). Dulbecco’s Modiﬁed Eagle Medium (DMEM),
Dulbecco phosphate-buﬀered saline (DPBS), McCoy’s 5A
medium, OPTI-MED-reduced serum medium, fetal bovine
serum (FBS), TrypLE express, and the μ-b bicinchoninic acid
protein assay kit (Pierce μ-BCA kit) were purchased from
Thermo Fischer Scientiﬁc (Finland). Hellmanex II was
obtained from Hellma GmbH (Germany). High purity water
(18.2 MΩ cm) from a Millipore Milli-Q system (USA) was
used for the preparation of all buﬀer and water-based solutions.
All other salts and solvents were from Sigma-Aldrich (Finland,
purity of at least Reagent grade).
2.2. Preparation and Characterization of the Formulations. 2.2.1. Preparation of the Curcumin-Loaded
PLGA NPs (C-PLGA NPs). Noncoated curcumin-loaded PLGA
NPs (C-PLGA NPs) were prepared as described previously.37
Brieﬂy, 176 mg of PLGA was dissolved in 5 mL of
dichloromethane (DCM) and 16.6 mg of curcumin was
added to the solution. The organic curcumin/PLGA solution
was rapidly dropped into a glass tube containing 10 mL of 2%
PVA in high purity water under vortexing. The mixture was
vortexed for further 10 s at a high setting and sonicated for 7
min at 40% amplitude in an ice-water bath by using a probe
sonicator (Vibra-Cell VCX 750 sonicator, Sonics & Materials
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Inc., Newtown, CT, USA). The resulting ﬁne O/W emulsion
was immediately poured into 30 mL of 0.5% PVA in high
purity water under rapid stirring with a magnetic stirrer. DCM
was then evaporated under magnetic stirring at 800 rpm for 3 h
and the NPs were collected by centrifugation at 48 000g for 15
min and washed 3 times with high purity water. The
supernatant was collected, desiccated under vacuum, and the
encapsulation eﬃciency of curcumin was evaluated as
described in Section 2.2.6.
2.2.2. Chitosan Functionalization of C-PLGA NPs. CPLGA NPs coated with chitosan (CS-C-PLGA NPs) were
prepared as described above, provided that 5 mL of CS
solutions (0.25, 0.50, or 1% w/v) in 1% glacial acetic acid were
added to 5 mL PVA aqueous solution prior the emulsiﬁcation
with the curcumin/PLGA organic solution.17
2.2.3. Preparation of Lectin or Peptide Ligand-Coated CPLGA NPs. C-PLGA NPs were surface-coated with WGA lectin
or GE11 peptide according to a two-step EDC/NHS
method.38,39 Brieﬂy, 5 mL aliquots of noncoated C-PLGA
NP suspensions in high purity water were washed with 20 mL
0.1 M MES buﬀer, pH 5.8, and then the noncoated C-PLGA
NPs were separated by centrifugation at 15 000g. The
noncoated C-PLGA NPs were incubated with approximately
0.1 M EDC and 0.15 M NHS in 0.1 M MES buﬀer, pH 5.8, for
1 h at room temperature (RT). The EDC excess was quenched
by washing three times with 20 mL of 20 mM phosphate, 0.15
M (PBS), pH 7.4. The activated C-PLGA NPs were
resuspended in 5 mL PBS, pH 7.4, and added of 1 mL of 1
mg/mL WGA lectin or GE11 peptide in the same buﬀer and
the suspension was maintained overnight under gentle
agitation. The resulting WGA-coated NPs (WGA-C-PLGA
NPs) and GE11-coated NPs (GE11-C-PLGA NPs) were
added of 1 mL of 50 mM glycine. After 1 h, the WGA-C-PLGA
and GE11-C-PLGA NPs were separated by centrifugation,
washed twice with PBS, pH 7.4, and ﬁnally collected by
centrifugation.
2.2.4. Determination of the Amount of Bound WGA and
GE11 to C-PLGA NPs. A water-based system comprised 2 mL
DMSO and 10 mL of 0.05 N NaOH containing 0.5% SDS was
used to dissolve the WGA-C-PLGA and GE11-C-PLGA NPs
for determining the amount of ligands conjugated on the CPLGA NPs. The amount of WGA lectin or GE11 peptide
ligand in the dissolved NP solutions was quantiﬁed by
colorimetric determination of the WGA lectin/GE11 peptide
content by using a μ-BCA protein assay. The WGA lectin or
GE11 peptide conjugation density and eﬃciency was
calculated from the following equations

JEOL 1200 EX II transmission electron microscope (JEOL
Ltd., Tokyo, Japan).
2.2.6. Encapsulation Eﬃciency of Curcumin in Noncoated
and Coated C-PLGA NPs. The encapsulation eﬃciency of
curcumin in noncoated and chitosan, WGA-and GE11-coated
C-PLGA NPs was determined by dissolving the NPs in
acetonitrile and determining the amount of curcumin by
ultraperformance liquid chromatography (AcquityTM, Waters
Corp., Milford, Massachusetts, USA) at λmax = 426 nm
(according to the procedure reported in the literature,40 2011),
with minor changes.37 The drug encapsulation eﬃciency (EE
%) for each NP was calculated by using the following equation:
L amount of encapsulated curcumin ]\
]]] × 100
% EE = MMMM
total amount of curcumin
N
^

ML amount of ligand added − amount of unconjugated ligand ]]\
]]
CD = MMMM
]
total amount of nanoparticles
^
N

(1)
LM amount of ligand added − amount of unconjugated ligand \]
]]
CE = MMMM
]]
amount of ligand added
^
N
× 100%

(3)

2.2.7. In Vitro Curcumin Release from Noncoated and
Coated C-PLGA NPs. The in vitro release of curcumin from
noncoated and chitosan, WGA- and GE11-coated C-PLGA
NPs was determined by the dialysis bag method reported by
Zanotto-Filho et al.,41 with slight modiﬁcations. A three-stage
approach with three diﬀerent pH release media was used in
order to follow the recommendations on methods for dosage
form testing by US Pharmacopeia 36,42 as described earlier.37
The media and time intervals used for the three diﬀerent stages
were the following: simulated gastric ﬂuid (SGF; 0.2% NaCl,
0.2% pepsin, 0.7% hydrochloric acid, pH 1.2) between 1 and 2
h, simulated intestinal ﬂuid (SIF; 0.68% KH2PO4, 3 mM
sodium taurocholate, pH 6.8) between 3 and 5 h, and
simulated colonic ﬂuid (SCF; PBS, pH 7.4) between 6 and 24
h. The NP suspensions were placed into dialysis bags with a
molecular cutoﬀ of 12−14 kDa and dialyzed in the dark against
150 mL of the corresponding media for each time interval.
Samples from the solution in the external buﬀer were taken at
scheduled times and analyzed by ultraperformance liquid
chromatography (AcquityTM, Waters Corp., Milford, Massachusetts, USA) at λmax = 426 nm, as described earlier.37
2.2.8. In Vitro Stability of Noncoated and Coated C-PLGA
NPs. The stability of noncoated and chitosan, WGA-, and
GE11-coated C-PLGA NPs in high purity water was assessed
at two diﬀerent temperatures (4 °C and RT) for up to four
months. Stability of NPs in SGF, SIF, and SCF at 37 °C was
assessed by incubation of 1 mg of NPs in 1 mL of the
corresponding ﬂuids for appropriate times for simulating GItract residence times. At scheduled time, samples were taken
and analyzed by ZetaSizer Nano ZS (Malvern Instruments Ltd,
Worcestershire, UK). The experimental data were elaborated
according to the method used previously.37
2.2.9. In Vitro Mucin Adsorption to Noncoated and
Coated C-PLGA NPs. Adsorption of pig mucin (PM) on the
surface of noncoated and chitosan, WGA-, and GE11-coated
C-PLGA NPs was determined by slightly modifying the
method reported by Yin et al.43 Brieﬂy, 1 mL of mucin
suspension (1 mg/mL) in PBS with pH 7.4 was stirred with 1
mL of each C-PLGA NP formulation for 2 h at 37 °C. Then,
the suspensions were centrifuged at 25 000g for 1 h. The
amount of free PM in the supernatant was determined by
measuring the absorbance value at 260 nm by using a UV
spectrophotometer (UV Visible Spectrophotometer, Cary 100
Conc, Australia). The amount of adsorbed PM was calculated
by using a standard curve measured for known amounts of PM
in PBS. The calibration curve for mucin in PBS was
determined with a series of mucin standard solutions with
concentrations of 30, 60, 125, 250, 500, 750, and 850 μg/mL.

(2)

2.2.5. Physicochemical Characterization of Noncoated
and Coated C-PLGA NPs. The particle size, polydispersity
index (PDI), and zeta potential of noncoated and chitosan,
WGA-, and GE11-coated C-PLGA NPs were measured at RT
by using a ZetaSizer Nano ZS instrument (Malvern Instruments Ltd, Worcestershire, UK) after NP dispersion in high
purity water. Morphological analyses were performed with a
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°C until used. Just before use in QCM measurements, the HT29 cell membrane extract pellet was suspended in a 20 mM
Hepes/150 mM NaCl buﬀer solution with pH 7.4 to reach a
concentration of 10 mg/mL of the membrane extract. This
suspension was further mixed by using a 27G needle by ﬁlling
and emptying the syringe with the whole suspension.
Hereafter, the suspension was sonicated for 20 min until the
solution no longer appeared cloudy and used immediately. A
qualitative test for the presence of proteins in the extracted cell
membrane suspension was performed using a BCA Protein
Assay Reagent kit, which veriﬁed that the cell membrane
extract contained a substantial amount of protein. The HT-29
cell membrane extract was diluted as such or in a mixture with
diﬀerent mass ratios of EggPC vesicles (1/1, 1/1.5 1/2, and 1/
2.5, respectively) in order to ﬁnd the optimized cell membrane
extract/EggPC ratio for SLB formation. The HT-29 cell
membrane extract and cell membrane extract/EggPC mixtures
were diluted with a 20 mM HEPES/150 mM NaCl/5 mM
CaCl2 buﬀer solution with pH 7.4 to a cell membrane extract/
lipid concentration of 0.14 mg/mL just before performing the
QCM measurements for verifying SLB formation.
2.3.4. QCM Measurements. QCM measurements were
performed at 20 °C by using an impedance-based QCM
instrument (QCM-Z500, KSV Instruments, Helsinki, Finland).
Measurement data for frequency (f) and dissipation (D) were
acquired at the fundamental frequency (5 MHz) and several
overtone frequencies (15, 25, 35, 45, and 55 MHz). The
interaction of the noncoated and chitosan, WGA- and GE11coated C-PLGA NPs with DOPC/DOPS and the HT-29 cell
membrane extract/EggPC SLBs were performed by monitoring QCM signal responses for a ﬁxed time of 30 min when 1
mg/mL of the NPs were injected into the QCM ﬂow channel.
The ﬂow rate during the QCM interaction measurements was
kept constant at 50 μL/min, and a 20 mM HEPES/150 mM
NaCl buﬀer solution with pH 7.4 was used as the running
buﬀer during the measurements. The frequency and
dissipation changes reported for the QCM measurements are
the normalized signal changes for the 3rd overtone frequency,
if not otherwise stated.
2.4. SPR Studies. 2.4.1. Immobilization of Cells on SPR
Sensors. Gold-coated SPR sensor slides (Bionavis Ltd.,
Tampere, Finland) were cleaned by boiling in a solution of
high purity water, 30% hydrogen peroxide, and 30%
ammonium hydroxide solution (5/1/1; v/v/v) for 5 min.
After boiling, the sensor slides were rinsed thoroughly with
high purity water and dried by aspirating them. The SPR
sensors were hereafter autoclaved before cell immobilization.
The immobilization of HT-29 cells (cultured as described in
Section 2.5.1.) on the SPR sensor slides was performed by ﬁrst
treating conﬂuent cell layers in cell culture ﬂasks with trypsin
in DPBS after which the cells were resuspended in the cell
culture medium. The SPR sensor slide was then placed in a cell
culturing polystyrene Petri dish with a cell growth area of 8.8
cm2 and 2 mL of the cell suspension was pipetted on the SPR
sensor slide. The optimum seeding density for culturing the
HT-29 cells on the SPR sensor slides was ∼1 × 104 cells/Petri
dish. The cells were allowed to grow on the SPR sensor slides
until they reached 90−100% conﬂuence.
2.4.2. SPR Measurements. The interaction between noncoated and chitosan, WGA-, and GE11-coated C-PLGA NPs
and immobilized HT-29 cells at 37 °C were monitored by
using a Multi-Parametric SPR instrument (MP-SPR Navi 200,
BioNavis Ltd, Tampere, Finland) equipped with a single ﬂow

The PM binding eﬃciency of the diﬀerent C-PLGA NPs was
calculated from the following equation
ML C − Cs ]\]
]
PM binding efficiency % = MMM 0
M C0 ]]
N
^

(4)

where C0 is the initial concentration of PM used for incubation
and Cs is the concentration of free PM determined in the
supernatant.
2.3. QCM Studies. 2.3.1. QCM Sensor Preparation. The
silica-coated QCM sensor crystals (Biolin Scientiﬁc, Q-Sense,
Gothenburg, Sweden) was cleaned by boiling them in a
cleaning solution (water/hydrogen peroxide/ammonium
hydroxide; 5/1/1, v/v/v) for 5 min followed by rinsing with
copious amounts of ion-exchanged water and ﬁnally blowdrying with nitrogen. Prior and after each QCM measurement,
the SiO2-coated QCM sensor crystal was cleaned in situ by
ﬂushing the ﬂow channel with sequential 5 min injections of 20
mM CHAPS, 2% Hellmanex II, 95% ethanol, and high purity
water.
2.3.2. Preparation of EggPC and DOPC/DOPS Cell Model
Membranes on QCM Sensors. Vesicle rupture of EggPC or
DOPC/DOPS (75/25 mol %) vesicles was used to prepare
SLBs on the silica-coated QCM sensor crystals as simple cell
model membranes. Phospholipids were dissolved separately in
a deﬁned amount in chloroform and stored at −20 °C until
used for preparation of vesicles for SLB formation. Vesicles
were prepared by evaporating the solvent from EggPC or a
mixture of DOPC/DOPS in chloroform to dryness under a
stream of nitrogen. The formed lipid ﬁlms were then hydrated
with a 20 mM Hepes/150 mM NaCl buﬀer solution with pH
7.4 at RT by vortexing to obtain vesicle suspensions with a
total lipid content of 10 mg/mL. The vesicle suspensions were
sonicated by a tip sonicator (Vibra-Cell VCX 750 sonicator,
Sonics & Materials Inc., Newtown, CT, USA) until clear
solutions were obtained. The vesicle solutions were then
centrifuged for 1 min at 15 000g to remove titanium particles.
The particle size, PDI index, and ZP of the vesicle solutions
were determined by using a ZetaSizer Nano ZS instrument
(Malvern Instruments Ltd, Worcestershire, UK). The vesicle
solutions were stored at 4 °C and used within two weeks. Just
before preparing the SLBs for QCM measurements, the vesicle
solutions were diluted with a 20 mM HEPES/150 mM NaCl/5
mM CaCl2 buﬀer solution with pH 7.4 to a total lipid content
of 0.1 mg/mL.
2.3.3. HT-29 Cell Membrane Extraction and Use for SLB
Formation on QCM Sensors. HT-29 cell pellets (cells cultured
as described in Section 2.5.1.) collected from 8 cell culture
ﬂasks were suspended in 10 mL of a harvest buﬀer (50 mM
Tris-HCl, 300 mM mannitol, pH 7). The obtained cell
suspension was centrifuged at 800g for 5 min at 4 °C and the
supernatant was thrown away. This step was repeated twice.
The residue was further suspended in 10 mL of a membrane
buﬀer (50 mM Tris-HCl, 50 mM mannitol, and 2 mM EGTA,
pH 7). The obtained cell suspension was transferred into a cell
homogenizer and homogenized by 40 strokes followed by
incubation on ice for 1 h. The cells homogenized were
transferred into a Falcon tube and centrifuged at 800g for 10
min at 4 °C. The supernatant from this step was taken and
centrifuged at 15 000g for 1 h at 4 °C. The supernatant was
again taken and further centrifuged at 100 000g for 1.15 h at 4
°C. Finally, the supernatant was removed and the pellet formed
by the cell membrane extract was weighed and stored at −75
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2.5.3. In Vitro Cytotoxicity of Noncoated and Coated CPLGA NPs. Cytotoxicity assays were performed by incubating
HT-29 cancer cell lines with curcumin in solution, noncoated
and chitosan, WGA- and GE11-coated C- PLGA NPs. Cells
were treated with the same absolute amount of curcumin (200
μg). HT-29 cells were seeded in 96-well plates and after the
attachment of cells; the plates were washed twice with 100 μL
of PBS. After washing, the sample solutions were added to the
wells. The wells were then incubated for 2 h. After incubation,
the samples were removed by pipetting and 10 μL of MTT
solution was added to each well. The plates were further
incubated for 3 h and the MTT solution was removed. The
blue crystals formed in each well were dissolved with 200 μL of
DMSO. Absorbance values from the wells were measured at
550 nm with a Multiscan GO Microplate Spectrophotometer
(ThermoFischer Scientiﬁc, Finland). Cell viability was
calculated based on the absorbance values.
2.6. In Vivo Experiments and Optical Imaging.
2.6.1. Mice. Six to eight week old female BALB/c mice were
obtained from and housed in the IOV-IRCCS Speciﬁc
Pathogen Free (SPF) animal facility. Procedures involving
animals and their care were in conformity with institutional
guidelines (D.L. 26/2014, and subsequent implementing
circulars), and the experimental protocol was approved by
the local “Organismo Preposto al Benessere Animale” (OPBA)
of Padua University, and authorized by the Italian Ministry of
Health (Authorization n.1050/2015-PR).
2.6.2. In Vivo Biodistribution of Noncoated and Ligand
Coated C-PLGA NPs. The noncoated and coated C-PLGA NPs
were labeled with a near-IR dye, that is Cy5.5, by using Cy5.5PEG-NH2. The labeling of the NPs was carried out by using a
similar two-step EDC/NHS method as described for WGA
lectin or GE11 peptide functionalization of the C-PLGA NPs,
as described in Section 2.2.3. In vivo optical imaging studies
were conducted to evaluate the biodistribution of the labeled
NPs in the GIT of mice. BALB/c mice were placed on a lowmanganese diet to reduce autoﬂuorescence from normal
mouse chow. Five days later, animals were randomly divided
into three groups of four animals each, and treated with Cy5.5coated noncoated C-PLGA, WGA-C-PLGA, and GE11-CPLGA NPs. The Cy5.5-labeled NP formulations were
administered by oral gavage in a total volume of 200 μL.
The in vivo total body scanning was performed at diﬀerent
time points using an Explore Optix instrument (ART,
Advanced Research Technologies, Montreal, Canada) by
setting the excitation pulsing laser at 650 nm and recording
the emission at 710 nm, thus performing a time course
scanning of animals (spatial resolution/scan step ﬁxed at 1.5
mm, exposure time 0.1 s, and laser power automatically
adjusted for each scan session). At 0, 1, 2, 4, 6, 24, and 48 h the
animals were anesthetized with a continuous ﬂow of 5%
isoﬂurane/oxygen mixture and placed inside a 37 °C heated
camera box and a longitudinal whole body ﬂuorescence image
was recorded. Before imaging, the anesthesia was maintained
using a nose cone delivery system for the duration of image
acquisition. One mouse from each group was imaged at 2 h
post administration and then sacriﬁced, and the abdominal
cavity was opened to visualize the GIT at place. Thereafter, the
entire GIT was removed and imaged alone, followed by
imaging of the carcass.
2.7. Statistical Analysis. Results are expressed as a mean
± standard deviation (SD). Statistical analyses were performed

channel with two detection spots. The signal responses in the
SPR measurements were recorded simultaneously with a laser
wavelength of 785 nm in two diﬀerent positions in the ﬂow
channel (upper and lower ﬂow channel positions) on the same
sensor covered with a cell monolayer. The NP sample
solutions for SPR measurements were prepared by diluting
the H2O-based stock formulations to a ﬁnal concentration of 1
mg/mL of the corresponding C-PLGA NP formulation with
the running medium (DMEM supplemented with 10 mM
HEPES, pH: 7.4), just before performing each SPR experiment. The baseline for the SPR measurements was measured
for ∼60 min by ﬂowing the running medium through the SPR
ﬂow channel at a constant ﬂow rate of 10 μL/min. After the
baseline signal was stabilized, the sample solution was injected
into the SPR ﬂow channel by replacing the running medium
with the sample solution. The interaction of the NP
formulations with HT-29 cells were monitored at a constant
ﬂow speed of 10 μL/min by recording the full SPR spectra
between 60 and 78° every 3 s for up to 90 min. Because the full
SPR angular spectrum was recorded, the bulk eﬀect caused by
the diﬀerence in the refractive index of the DMEM running
buﬀer and the samples (i.e., diluted H2O-based stock solutions
of the NPs in DMEM) was compensated for by subtracting the
contribution of the total internal reﬂection angle (TIR;
sensitive for bulk refractive index changes) from the overall
change in the main SPR peak angular position (SPR PAP).
The corrected SPR responses were then used for further
analysis. Light microscope images (Leica DM IL LED
microscope with 5× and 10× magniﬁcations) of the HT-29
cell monolayers were taken immediately before and after each
SPR experiment in order to evaluate the integrity of the cell
monolayer.
2.5. In vitro Cell Studies with Noncoated and Coated
C-PLGA NPs. 2.5.1. Cell Culture and Cell Preparation.
Human Caucasian colon adenocarcinoma (HT-29) obtained
from the European Collection of Authenticated Cell Cultures
(ECACC) were cultured in a McCoy’s 5A medium
supplemented with 10% FBS at a density of about 2 × 106
cells/mL in a 75 cm2 culture ﬂask. The cells were maintained
at 37 °C, 95% relative humidity, and 5% CO2. The cells were
harvested weekly from plastic ﬂasks (75 cm2) with TrypLE
Express and the medium was changed twice per week.
2.5.2. Cellular Drug Uptake Assay. HT-29 cells were
cultured in a 12-well plate with a cell density of 1 × 104 cells/
per well and incubated in a 5% CO2 incubator at 37 °C for 24
h before cellular drug uptake studies. The cell association assay
was carried out at 37 °C in OPTI-MED-reduced serum
medium containing enough pure curcumin or the noncoated
or coated C-PLGA NP formulations so that each well
contained the same absolute amount of 200 μg curcumin.
Washing the wells with ice-cold PBS three times terminated
incubation of the cells with pure curcumin or the NPs. The
washed cells were lysed in PBS containing 0.5% Triton X-100,
then vortexed for 3 min followed by centrifugation of the cell
lysate for 10 min at 1200g to remove insoluble materials. The
supernatant was transferred to another tube and the amount of
curcumin was determined by diluting the supernatant with a
mobile phase mixture (composed of (A) 38% acetonitrile and
(B) 62% of a 0.05% phosphoric acid solution) and measured
with an AcquityTM ultraperformance liquid chromatography
instrument at λmax = 426 nm (Waters Corp., Milford,
Massachusetts, USA).
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Table 1. Particle Size, Size Distribution, Zeta Potential, and Encapsulation Eﬃciency of Noncoated and Coated CurcuminLoaded PLGA NPs (Mean ± SD, n = 3)
formula
C-PLGA
CS-C-PLGA

WGA-C-PLGA
GE11-C-PLGA

particle size [nm]
0.25%
0.50%
1%

220
245
251
252
227
209

±
±
±
±
±
±

2
4
3
3
3
2

PDI
0.186
0.172
0.276
0.126
0.195
0.140

±
±
±
±
±
±

by using ANOVA followed by Tukey’s test. A diﬀerence at P <
0.05 was considered to be signiﬁcant.

0.023
0.024
0.002
0.033
0.011
0.044

ζ-potential [mV]
−36.8
2.5
4.8
32.9
−20.5
−10.8

±
±
±
±
±
±

0.0
2.1
1.2
1.7
0.8
0.9

encapsulation eﬃciency (EE %)
74
64
62
54
66
62

±
±
±
±
±
±

4
2
1
2
1
2

potential. The slight quenching of the negative zeta potential
obtained by WGA and GE11 conjugation can be attributed to
the limited number of carboxyl groups engaged in the protein
conjugation and to the overall positive charge of these
polypeptidic molecules with isoelectric points of 9 and 9.76,
respectively. In this regard, it is interesting to note that in the
case of WGA-C-PLGA NPs bearing only ∼4 lectin molecules/
NP, the zeta potential is highly negative −20.5 mV, while in
the case of GE11-C-PLGA NPs bearing about 82 peptide
molecules/NP the zeta potential was −10.8 mV. These results
indicate that the noncoated C-PLGA NPs were successfully
modiﬁed with both ligands.
The TEM images reported in Figure 1 show that all NPs had
regular spherical shapes indicating that the surface coating did

3. RESULTS AND DISCUSSIONS
3.1. Preparation and Biopharmaceutical Characterization of Curcumin-Loaded PLGA NPs. 3.1.1. NP
Preparation. Curcumin-loaded PLGA NPs (C-PLGA NPs)
were coated with chitosan (CS), WGA or GE11 peptide
(GE11) for selective or targeted uptake of the NPs to HT-29
colon cancer cells in order to improve the delivery of curcumin
to the cells.
CS, a polycationic mucoadhesive polysaccharide, was
adsorbed on the negatively charged C-PLGA NP surface by
coulombic interaction. The NP decoration was carried out by
using 0.25, 0.50, and 1% CS solutions that yielded diﬀerent CS
densities on the NP surface, that is, 0.25% CS-C-PLGA, 0.50%
CS-C-PLGA, and 1% CS-C-PLGA NPs, respectively. WGA, a
mucoadhesive glycoprotein, was chemically anchored to the
carboxyl groups on the C-PLGA NP surface through a
condensation process to yield WGA-C-PLGA NPs coated with
33.0 ± 1.4 μg WGA/mg C-PLGA. NPs targeting colorectal
cancer cells (GE11-C-PLGA NPs) were obtained through
chemical conjugation of GE1144 peptide to C-PLGA NPs
which resulted in 38.1 ± 1.0 μg GE11 peptide/mg C-PLGA.
The degree of NP functionalization calculated based on the CPLGA NP size (220 ± 2 nm) and the PLGA NP density (1.2
mg/cm3)45 was found to correspond to a mean of 3.7 WGA
molecules/NP and 82 GE11 peptides/NP. The coupling
eﬃciency of WGA and the GE11 peptide ligand was calculated
by using eq 2 and was 74.5% and 82.7%, respectively.
3.1.2. Physicochemical Characterization of Noncoated
and Coated C-PLGA NPs. The dynamic light scattering (DLS)
data reported in Table 1 show that the CS coating signiﬁcantly
increased the size of the noncoated C-PLGA NPs, while the
PDI remained constant. The high negative zeta potential of the
noncoated C-PLGA NPs originates from the presence of a high
density of terminal carboxyl groups of PLGA. Coating the CPLGA NPs with CS solutions with diﬀerent polysaccharide
concentrations (i.e., 0.25, 0.5 and 1%) yielded NPs with similar
particle sizes and PDIs, while the zeta potential values
increased with increasing CS concentration. Thus, the use of
increasing CS concentrations for coating C-PLGA NPs
obviously resulted in an increased CS deposition on the NP
surface. The 1% CS-C-PLGA NPs exhibited a signiﬁcantly
higher positive zeta potential compared to the other CS-coated
NPs, which could result in high mucoadhesive properties. The
WGA and GE11 decoration did not substantially aﬀect the size
of the coated C-PLGA NPs probably because of the limited
number of protein and peptide molecules conjugated on the
particle surfaces. However, WGA and GE11 conjugation
reduced the absolute value of the negative zeta-potential of
the NPs, but the particles still maintained a negative zeta

Figure 1. TEM images of noncoated and coated C-PLGA NPs (scale
bar 200 nm). (A) Noncoated C-PLGA NPs, (B) 1% CS-C-P-PLGA
NPs, (C) WGA-C-PLGA NPs, and (D) GE11-C-PLGA NPs.

not inﬂuence the particle morphology. The slightly smaller size
(i.e., <200 nm) observed by TEM compared to DLS is in
agreement with the dry state of NPs, while DLS provides the
hydrodynamic diameter of NPs. Table 1 shows that the
noncoated C-PLGA NPs have a high curcumin encapsulation
eﬃciency (EE 74%). The encapsulation eﬃciency of the
coated NPs was slightly lower compared to the noncoated CPLGA NPs which may be ascribed to partial curcumin release
during the coating process.14,38,39
3.1.3. In Vitro Drug Release. Curcumin release was assessed
by NP incubation in three diﬀerent pH release media
simulating: gastric ﬂuid (SGF), small intestine ﬂuid (SIF),
and colon ﬂuid (SCF) (Figure S1). The sequential incubation
of noncoated C-PLGA NPs in SGF (1−2 h in Figure S1) and
SIF (3−5 h in Figure S1) yielded a 10% curcumin release
within 5 h (Figure S1). Hereafter, when the noncoated CPLGA NPs were incubated in SIF media a biphasic proﬁle with
a burst release with 56% of curcumin released within the ﬁrst
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PLGA, and GE11-C-PLGA NPs were chosen for further
studies.
In view of oral delivery, the colloidal stability of the NPs was
also investigated by incubating noncoated C-PLGA, 1% CS-CPLGA, WGA-C-PLGA, and GE11-C-PLGA NPs at 37 °C for
up to 2 h in SGF, up to 6 h in SIF, and up to 24 h in SCF to
simulate GI-tract residence times. All NPs except 1% CS-CPLGA NPs were stable in the three ﬂuids without relevant
particle size and PDI changes (Table S3). The size increase of
1% CS-C-PLGA NPs in SGF may be due to a change of the
hydrophilic/hydrophobic surface balance that results in a more
hydrophobic surface. This hypothesis seems to be conﬁrmed
by the high stability observed when the 1% CS-C-PLGA NPs
were incubated in SIF, which contains the bile acid
taurocholate that apparently stabilizes the 1% CS-C-PLGA
NPs because of its surfactant properties.
3.2. Interaction of Diﬀerent C-PLGA NPs with
Biomembranes and Cells. 3.2.1. QCM Analyses with
Supported Lipid Bilayer. The interaction of noncoated CPLGA, 1% CS-C-PLGA, WGA-C-PLGA, and GE11-C-PLGA
NPs with cell model membranes were investigated by using the
QCM technique in combination with SLBs composed of a
simple two-component phospholipid mixture (DOPC/DOPS,
75/25 mol %) or a mixture of HT-29 cell membrane extract
and EggPC. DOPC/DOPS SLBs were used to mimic the
negative charge of natural cell membranes. The HT-29 cell
membrane extract incorporated into the EggPC SLB was used
to evaluate the interaction of NPs with biological targets. The
DOPC/DOPS and the HT-29 cell membrane extract/EggPC
vesicle mixtures were spread on the silica-coated QCM sensor
to form the SLBs according to standard protocols reported in
the literature.29,30
Figure 2 shows the adsorption-bursting behavior typically
observed in QCM responses during vesicle spreading when

24 h was followed by a slow release over a period of 48 h
yielding a ﬁnal curcumin release of 78% (6−24 h in Figure S1).
These results are in agreement with the higher curcumin
solubility at pH 7.4 with respect to acidic conditions.46
Noncoated C-PLGA, WGA-C-PLGA, and GE11-C-PLGA
NPs showed similar curcumin release proﬁles, suggesting that
the surface modiﬁcation of C-PLGA NPs with a few protein or
peptide molecules does not remarkably aﬀect the drug release
properties of the formulation. In SCF during the ﬁrst burst
phase, the WGA-C-PLGA and GE11-C-PLGA NPs released
about 62 and 54% of the loaded drug, respectively. Then, the
release slowly continued up to 76% for WGA-C-PLGA and
84% for GE11-C-PLGA NPs in 48 h. The CS coating had a
stronger eﬀect on the drug release from the NPs compared to
WGA and GE11. The 1% CS-C-PLGA NPs showed in fact a
slower curcumin release compared to the other formulations:
about 42 and 58% of the loaded curcumin was released in 24 h
and in 48 h, respectively. The slower release observed after CS
coating may be because of the CS layer on the NP surface that
represents a barrier to the diﬀusion of curcumin. 47
Furthermore, the aﬃnity of curcumin for CS may also reduce
the drug availability.
The kinetic data obtained by the elaboration of the in vitro
release proﬁles (Table S1) show that the curcumin release
from all the C-PLGA NPs ﬁts the Higuchi diﬀusion model,48,49
which is in agreement with the fact that degradation of PLGA
can last from weeks to months.50
3.1.4. In Vitro Adsorption of Crude PM. The mucoadhesive
properties of the NP formulations were evaluated by
adsorption of PM on the surface of C-PLGA, 0.25, 0.5, and
1% CS-C-PLGA, WGA-C-PLGA, and GE11-C-PLGA NPs.
The noncoated C-PLGA NPs adsorbed 22.29% of PM after 2 h
incubation at 37 °C (Figure S2). According to its well-known
mucoadhesivity, chitosan-coated NPs showed high PM
adsorption, which was 3.0, 3.2, and 3.4-fold compared to CPLGA NPs in the case of 0.25, 0.50, and 1% CS-C-PLGA NPs,
respectively. These results indicate that in this coating range
the density of chitosan and the positive charge on the NP
surface has a limited eﬀect on their ﬁnal mucoadhesivity. This
may be due to a surface saturation by PM even at low chitosan
density.51 PM adsorption on WGA-C-PLGA was 2.3-fold
compared to the noncoated C-PLGA NPs, indicating that a
limited amount of this protein has a remarkable eﬀect on
mucoadhesion properties of the NPs. The PM interaction with
WGA-C-PLGA NPs is attributed to speciﬁc binding with the
N-acetyl-D-glucosamine and sialic acid residues of PM
glycoproteins.52 Unexpectedly, also GE11, a nonmucoadhesive
peptide, was found to increase the PM adsorption on the NPs
of about 2-fold. The GE11-C-PLGA NPs/PM association
probably occurs through nonspeciﬁc coulombic GE11/mucin
interactions.
3.1.5. In Vitro Stability of Diﬀerent C-PLGA NPs. Stability
studies of the C-PLGA NPs were carried out by storing the
NPs in high purity water at RT and 4 °C for up to 4 months.
Table S2 shows that the particle size and PDI of noncoated CPLGA, 1% CS-C-PLGA, WGA-C-PLGA, and GE11-C-PLGA
NPs did not change over time indicating that the NPs have a
good long-term stability. On the contrary, the 0.25 and 0.50%
CS-C-PLGA NPs showed a signiﬁcant size and PDI increase
after 1 month storage. The lower stability of 0.25 and 0.5% CSPLGA NPs compared to the other NPs can be attributed to the
low zeta potential (+2.5 and +4.5 mV, respectively, Table 1).
According to these results, the 1% CS-C-PLGA, WGA-C-

Figure 2. QCM signal responses for the pure HT-29 cell membrane
extract, and SLB formation through vesicle spreading of EggPC
vesicles, HT-29 cell membrane extract/EggPC (1/1 mass ratio)
vesicles and DOPC/DOPS (75/25 mol %) vesicles. Arrows indicate
time of injection of vesicles. Each QCM signal response correspond to
a separate measurement and have been shifted in time for clarity.

SLBs are formed. Table 2 reports the size and zeta potential of
the vesicles used to form the SLBs, as well as the equilibrium
frequency change, Δf, for the SLB. The size of the vesicles
obtained with the HT-29 cell membrane extract/EggPC
resembled the size of plain EggPC vesicles, while the zeta
potential was close to the average of the components. This
result suggests that the HT-29 cell membrane extract
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Table 2. Vesicle Size and ζ-Potential of Vesicles Used for
SLB Formationa
SLB composition
DOPC/DOPS
(75/25 mol %)
pure EggPC
pure HT-29 membrane
extract
HT-29 membrane
extract/EggPC
(1/1 mass ratio)

vesicle size
(nm)

ζ-potential
(mV)

Δf 3 (Hz)

71.5 ± 1.3

−27.6 ± 1.3

−27.3 ± 1.4

100.7 ± 1.0
224.5 ± 4.6

−3.7 ± 0.1
−15.5 ± 1.7

−28.0 ± 3.2

109.9 ± 2.6

−8.5 ± 0.1

−27.5 ± 4.9

interaction with the SLBs. The QCM measurements show that
the various NPs underwent similar reversible interaction with
the DOPC/DOPS SLBs, except for the 1% CS-C-PLGA NPs
that showed a slightly higher dissipation change during sample
injection compared to the other NPs. Additionally, the
frequency and dissipation signals in the case of 1% CS-CPLGA NPs do not return to the starting level when ﬂushing
with running buﬀer, as observed with the other NPs. This is
probably a consequence of electrostatic interactions between
the highly positively charged 1% CS-C-PLGA NPs (zeta
potential ≈ +33 mV) and the negatively charged DOPC/
DOPS SLB (∼−27 mV).
In the case of the HT-29 cell membrane extract/EggPC
SLBs the small frequency (∼3 Hz) and dissipation (∼1 ×
10−6) changes at the 3rd overtone during the interaction of the
noncoated C-PLGA NPs reported in Figure 4 indicate that

Equilibrium frequency change, normalized Δf 3, for the ﬁnal SLB of
the DOPC/DOPS (75/25 mol %) mixture, pure EggPC and the
mixture of membrane extract/EggPC (1/1 mass ratio). Mean ± SD, n
= 3.

a

components and EggPC are incorporated in the hybrid
vesicles. The equilibrium frequency values obtained with the
SLBs in this study are well in line with the values of typical
SLBs reported in the literature.30
Figure 3 shows the changes in QCM frequency and
dissipation at the 3rd overtone during the interaction of

Figure 4. (A) Normalized QCM frequency changes and (B)
dissipation changes of the 3rd overtone for diﬀerent C-PLGA NPs
during the interaction with an SLB composed of the HT-29
membrane extract/EggPC (1:1 mass ratio). Arrows indicate time
point for injection of the diﬀerent PLGA NPs and the vertical dashed
line indicates the time point for ﬂushing with the running buﬀer.
Figure 3. (A) Normalized QCM frequency changes at the 3rd
overtone and (B) dissipation changes at the 3rd overtone during
interaction of noncoated and coated C-PLGA NPs with a DOPC/
DOPS (75:25 mol %) SLB. Arrows indicate time point for injection of
diﬀerent PLGA NPs and the vertical dashed line indicates the time
point for ﬂushing with the running buﬀer.

NP/SLB interactions occurs according to weak associations.
The 1% CS-C-PLGA, WGA-C-PLGA, and GE11-C-PLGA
NPs showed higher frequency changes (40, 40, and 15 Hz,
respectively) and dissipation changes (25 × 10−6, 20 × 10−6
and 10 × 10−6, respectively) compared to noncoated C-PLGA
NPs (Figure 4). The 1% CS-C-PLGA displayed the highest
QCM responses corresponding to over 10 times higher signal
responses compared to the ones obtained with noncoated CPLGA NPs. This strong adsorption of 1% CS-C-PLGA NPs on
the HT-29 cell membrane extract/EggPC SLBs can be ascribed
to nonspeciﬁc electrostatic interactions between the negatively
charged SLBs and the positively charged NPs. Interestingly, the

various NPs with DOPC/DOPS SLBs. The NPs were injected
over the SLBs at time t = 0. After 30 min, buﬀer was injected to
rinse the system and clear out the NPs that did not interact
with the SLBs (vertical dashed line). The frequency and
dissipation changes indicate the extent and the type of the NP
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Figure 5. (A) Full SPR angular spectra of a pure gold-coated SPR sensor (dashed black line) and a conﬂuent HT-29 cell monolayer-covered SPR
sensor (solid blue line). The large shift in the SPR PAP and the TIR region to higher angles, and the smoother shape in the TIR region conﬁrms
the presence of a conﬂuent cell monolayer. (B) Optical microscope image of a conﬂuent HT-29 cell monolayer on a gold-coated SPR sensor. (C)
Optical microscope image of the HT-29 cell monolayer after an SPR interaction measurement demonstrating the preserved cell monolayer
integrity.

sensor (from ∼66° to ∼69°). A SPR PAP at about 69° and the
smooth shape of the TIR area conﬁrmed the conﬂuence of the
HT-29 cell layer.34,35,53 The HT-29 cell monolayer conﬂuence
on the SPR sensors was also conﬁrmed by optical microscopy.
The microscopy images reported in Figure 5B,C show the cell
conﬂuence and cell integrity without changes in the
morphology after SPR measurements.
The SPR signals obtained during the injection of pure
curcumin solution reported in Figure S3A show an initial
negative shift followed by a leveling out and slow increase of
the SPR PAP. The noncoated and coated C-PLGA NPs
showed also an initial negative shift with a minimum SPR PAP
signal in the range of 3−10 min followed by an increase (>10
min) (Figure S3B−E). Initial negative shifts were observed in
the TIR angular position as well (Figure S3). In contrast to the
SPR PAP, the TIR angular position remained constant after
the initial negative shift. This can be attributed to the fact that
the TIR angular position is only sensitive to changes in bulk
refractive indexes, while the SPR PAP is sensitive to refractive
index changes in the close vicinity of the sensor surface. Thus,
the initial negative decrease of the SPR responses can be
attributed to optical diﬀerences (i.e., diﬀerent refractive
indexes) between the running buﬀer (DMEM supplemented
with 10 mM HEPES, pH 7.4) and the injected sample
solutions, which were actually formulations in aqueous
medium diluted in the running buﬀer. The initial decrease in
both SPR signals is due to an increase of water content in the
samples because water has a lower refractive index than the
running buﬀer. However, the increase in the SPR PAP

QCM responses obtained with WGA-C-PLGA NPs were
similar to those obtained with 1% CS-C-PLGA NPs despite the
fact that the former possessed a highly negative surface charge.
The GE11-C-PLGA NPs induced lower QCM responses
compared to 1% CS-C-PLGA and WGA-C-PLGA NPs, but
still signiﬁcantly higher (over 5 times higher) compared to the
noncoated C-PLGA NPs. Because both WGA-C-PLGA and
GE11-C-PLGA NPs are negatively charged, the NP adsorption
on these SLBs occurs through speciﬁc binding. The WGA-CPLGA NPs can speciﬁcally interact with glycoproteins and
-lipids on the cell membrane surface, namely, N-acetyl-Dglucosamine and N-acetyl-D-neuraminic acid residues, and
GE11-C-PLGA NPs interact with the HT-29 cell receptors.
The weaker interaction of GE11-C-PLGA NPs compared to
WGA-C-PLGA NPs could be ascribed to a diﬀerence in
density of the receptors for the two targeting agents on the
HT-29 cell membrane extract/EggPC SLB or diﬀerent binding
aﬃnities.
3.2.2. SPR Analyses with HT-29 Cell Monolayers. In order
to elucidate the mechanism of the NP interaction with living
cells, SPR measurements were carried out with conﬂuent colon
cancer HT-29 cell monolayers. The immobilization of HT-29
cell monolayers on the SPR sensors was validated before each
interaction measurement by measuring the full SPR angular
spectrum of the cell monolayer. Figure 5A shows that the main
SPR PAP and the shape of the TIR region of the full SPR
angular spectrum when the HT-29 cell monolayer is
immobilized are substantially shifted to higher angles with
respect to the spectrum obtained with a pure gold-coated SPR
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responses after the initial decrease, which is not seen in the
TIR angular position responses, can be attributed to NP-cell
surface interactions and NP-cell uptake.
The TIR angular position responses were subtracted from
the corresponding SPR PAP responses to evaluate the targeting
and cell uptake events of the curcumin formulations (Figure
S3). This removed any contribution of optical diﬀerences
between the curcumin formulations and the running buﬀer,
and provided an SPR response that only reﬂects the targeting
and cell uptake events of the diﬀerent curcumin formulations.
Figure 6A shows that the interaction kinetics of the NPs
obtained by the TIR-subtracted SPR responses measured in

results, in vitro cell uptake and cytotoxicity assays were
performed using HT-29 human colorectal adenocarcinoma
cells. Figure 7A shows the HT-29 cell uptake of curcumin after

Figure 7. (A) In vitro cell uptake of curcumin and (B) cell viability
after 2 h incubation with pure curcumin solution, noncoated CPLGA, and coated C-PLGA NPs with HT-29 colorectal adenocarcinoma cells (mean ± SD, n = 3). Not signiﬁcant (N.S.), * signiﬁcant
diﬀerence at the 0.05 level.

2 h incubation. The cell uptake of curcumin in solution was 3.7
± 0.6 μg/104 cells, while the curcumin uptake from noncoated
C-PLGA, 1% CS-C-PLGA, WGA-C-PLGA, and GE11-CPLGA NPs was 7.0 ± 0.3, 13.5 ± 1.0, 26.0 ± 1.3, and 27.3 ±
4.9 μg/104 cells, respectively. These results are in good
agreement with the cell interaction data obtained by QCM and
SPR analysis reported above, and demonstrate that the
selective NP interaction achieved with WGA-C-PLGA and
GE11-C-PLGA is much more eﬃcient than nonselective cell
interaction obtained with 1% CS-C-PLGA. It should be noted
that CS is a highly positively charged mucoadhesive material.
Consequently, the interactions of 1% CS-C-PLGA NPs with
mucin (Figure S2) and the HT-29 membrane extract/EggPC
SLB are primarily electrostatic in nature (Figure 4). However,
the interaction of 1% CS-C-PLGA NPs with HT-29 cells
measured by SPR was lower compared to WGA-C-PLGA and
GE11-C-PLGA NPs (Figure 6). Furthermore, the nonselective
interaction of 1% CS-C-PLGA NPs with cells may result in a
diﬀerent cell-uptake mechanism compared to the targeted NPs,
which consequently could lead to diﬀerences in the intracellular delivery of curcumin. Accordingly, the 1% CS-C-PLGA
NPs were less eﬃcient in the intracellular delivery compared to
WGA-C-PLGA and GE11-C-PLGA NPs.
The cytotoxicity results reported in Figure 7B are in
agreement with the cell uptake results shown in Figure 7A and

Figure 6. (A) TIR-subtracted SPR response during the interaction of
pure curcumin solution and diﬀerent C-PLGA NPs with HT-29 cells
(measured in the lower ﬂow channel position of the cell covered
sensor). Arrow indicates time point for injection of the diﬀerent
PLGA NPs. (B) Integrated area under the TIR-subtracted SPR
response curve for pure curcumin solution and diﬀerent C-PLGA NPs
measured on two separate positions (lower and upper ﬂow channel
positions) on the same sensor with conﬂuent HT-29 cell monolayers.
SPR measurements with each formulation were performed on
diﬀerent HT-29 cell-covered SPR sensors.

the lower position of the ﬂow channel are in good agreement
with the results obtained by the QCM combined with the HT29 cell membrane extract/EggPC SLB analysis. The targeting
and cell uptake of the various NPs could then be estimated by
integrating the area under the TIR-subtracted SPR responses
reported in Figure 6B. The integrated areas show that the HT29 cell interaction and internalization of 1% CS-C-PLGA,
WGA-C-PLGA, and GE11-C-PLGA NPs are clearly higher
compared to those obtained with curcumin in solution and
noncoated C-PLGA NPs.
3.2.3. In Vitro Cell Uptake and Cytotoxicity Studies. In
order to corroborate the real-time label-free QCM and SPR
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Figure 8. In vivo optical images of mice orally administered with (A) noncoated C-PLGA, (B) WGA-C-PLGA and (C) GE11-C-PLGA NPs
labeled with Cy5.5. Left panels show one representative mouse per group imaged at diﬀerent time points (30 min to 24 h) after gavage. An
additional mouse from each group was imaged at 2 h post administration and then sacriﬁced, to expose and visualize the GIT at place for
ﬂuorescent NP detection. Thereafter, the entire GIT was removed and imaged alone, followed by imaging of the remaining carcass (right panels).

conﬁrm that curcumin is indeed released from the NPs. After 2
h, incubation with curcumin in solution or formulated with
noncoated C-PLGA, 1% CS-C-PLGA, WGA-C-PLGA, and
GE11-C-PLGA NPs, the HT-29 cell viability was 83 ± 16, 96
± 11, 79 ± 11, 62 ± 8, and 43 ± 13%, respectively. It is worth
noting that the active targeting obtained with WGA-C-PLGA
and GE11-C-PLGA NPs yields the highest cytotoxicity with a
signiﬁcant diﬀerence compared to the noncoated C-PLGA
NPs.
Importantly, the QCM data (Figure 4) are in fair agreement
with the cell uptake and cytotoxicity results obtained by NP
incubation with HT-29 cells, demonstrating that this
sophisticated technique can be properly exploited to obtain
relevant information about the cell-targeting capability of
colloidal drug delivery systems. Also, the SPR results (Figure
6) are in very good agreement with the higher curcumin
uptake obtained by traditional in vitro cell uptake assay.
3.3. In Vivo Delivery of Noncoated and Targeted CPLGA NPs. A preliminary in vivo comparative delivery study
was carried out to verify that the targeted C-PLGA NPs with
colon-selective agents, namely WGA and GE11, could
withstand other GI tract conditions before reaching the
colon, and to conﬁrm their colon selectivity of these NPs.
The study was performed by oral administration to mice of
Cy5.5 labeled noncoated C-PLGA, WGA-C-PLGA, and GE11C-PLGA NPs. The images reported in Figure 8 show that all
NPs partially remained in the stomach up to 6 h from
administration. However, noncoated C-PLGA and GE11-CPLGA NPs were cleared out without deposition in the colon
while high ﬂuorescence signal corresponding to WGA-CPLGA NPs was found in the colon, indicating that these NPs
adsorb to this GI tract. These results are in fair agreement with
the cell aﬃnity of the NPs discussed above. WGA-C-PLGA
NPs can in fact recognize the glycoproteins and glycolipids of
the normal cells of colon. On the contrary, neither the
noncoated C-PLGA nor the GE11-PLGA NPs have a speciﬁc
target in the colon of healthy mice, and consequently they did

not deposit in this GI tract as observed by the images reported
in Figure 8.

4. CONCLUSIONS
Curcumin-loaded PLGA NPs were successfully prepared and
coated with chitosan, WGA and GE11 to yield drug carriers for
ameliorating curcumin delivery to HT-29 colon cancer cells.
The properties of the coated C-PLGA NPs were comparatively
investigated by standard in vitro physicochemical techniques.
Stability studies revealed a good colloidal stability of the coated
C-PLGA NPs formulations in synthetic gastrointestinal ﬂuids.
The NP interactions and cell uptake were studied by means of
innovative investigational techniques, namely, QCM combined
with SLBs and SPR combined with living cells. The QCM and
SPR techniques in combination with biomimetic sensing layers
were found to be successful tools to investigate the targeting
properties of NPs. These innovative techniques allowed in fact
for elucidating a few aspects of NP/cell interactions and uptake
providing for the correlation between the nature of the coating
and the cell selectivity. The results showed that CS-coated CPLGA NPs can interact with the cells by nonspeciﬁc
electrostatic mechanisms, while WGA- and GE11-coated CPLGA NPs mediate active recognition of speciﬁc cell targets.
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Table 1SI. Kinetic parameters of the in vitro release profiles of curcumin from different C-PLGA NPs
according to the Higuchi diffusion model.
Kinetic parameters

Formulation

-1

Type of fitted release

R

k (h )

t1/2 (h)

Kinetics

C-PLGA

0.974

13.4

13.9

Diffusion

1% CS-C-PLGA

0.979

9.8

26.0

Diffusion

WGA-C-PLGA

0.928

13.8

13.1

Diffusion

GE11-C-PLGA

0.977

15.1

11.0

Diffusion

Table 2SI. Particle size (in nm) of different C-PLGA NPs stored in high purity water for up to 4 months
at 4qC and RT (mean ± SD, n = 3). RT = room temperature.
Formula
C-PLGA
0.25% CS-C-PLGA
0.5% CS-C-PLGA
1% CS-C-PLGA
WGA-C-PLGA
GE11-C-PLGA

T (qqC)

Fresh

1st month

2nd month

3rd month

4th month

4°C

220 ± 2

217 ± 1

233 ± 2

209 ± 2

245 ± 2

RT

220 ± 2

221 ± 5

237 ± 8

214 ± 5

230 ± 1

4°C

245 ± 4

319 ± 20

325 ± 19

323 ± 2

335 ± 1

RT

245 ± 4

306 ± 6

295 ± 6

309 ± 5

323 ± 3

4°C

251 ± 3

365 ± 3

380 ± 10

399 ± 3

410 ± 4

RT

251 ± 3

350 ± 12

363 ± 10

325 ± 2

380 ± 2

4°C

252 ± 3

247 ± 3

253 ± 2

249 ± 2

255 ± 2

RT

252 ± 3

282 ± 2

283 ± 3

277 ± 5

288 ± 2

4°C

225 ± 2

217 ± 1

215 ± 3

215 ± 2

226 ± 1

RT

225 ± 2

238 ± 3

233 ± 3

223 ± 2

209 ± 3

4°C

209 ± 2

207 ± 2

205 ± 4

209 ± 1

212 ± 1

RT

209 ± 2

198 ± 4

197 ± 1

194 ± 2

199 ± 1
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Table 3SI. Effect of SGF (A), SIF (B) and SCF (C) on particle size (in nm) and polydispersity index
(PDI) of different C-PLGA NPs at 37 °C (mean ± SD, n = 3). The different C-PLGA NPs were incubated
in corresponding fluids for appropriate times for simulating GI-tract residence times.
Effect of SGF on the stability of different C-PLGA NPs

A

C-PLGA
Fresh
0.5 hr
1 hr
2 hr

0.5 hr
1 hr
2 hr
4 hr
6 hr

WGA-C-PLGA

GE11-C-PLGA

Size

220 ± 2

252 ± 3

225 ± 2

209 ± 2

PDI

0.19 ± 0.02

0.13 ± 0.03

0.20 ± 0.01

0.14 ± 0.04

Size

201 ± 3

368 ± 5

197 ± 1

205 ± 4

PDI

0.10 ± 0.01

0.34 ± 0.02

0.10 ± 0.10

0.11 ± 0.03

Size

209 ± 1

410 ± 24

197 ± 3

203 ± 2

PDI

0.21 ± 0.02

0.32 ± 0.1

0.07 ± 0.02

0.10 ± 0.04

Size

201 ± 4

589 ± 28

208 ± 3

215 ± 1

PDI

0.15 ± 0.01

0.44 ± 0.03

0.14 ± 0.01

0.17 ± 0.01

Effect of SIF on the stability of different C-PLGA NPs

B
Fresh

1% CS-C-PLGA

Size

220 ± 2

252 ± 3

225 ± 2

209 ± 2

PDI

0.19 ± 0.02

0.13 ± 0.03

0.19 ± 0.01

0.14 ± 0.04

Size

234 ± 6

257 ± 2

207 ± 1

209 ± 2

PDI

0.29 ± 0.07

0.18 ± 0.03

0.14 ± 0.01

0.18 ± 0.02

Size

233 ± 3

250 ± 4

204 ± 6

207 ± 2

PDI

0.35 ± 0.03

0.10 ± 0.02

0.16 ± 0.10

0.12 ± 0.10

Size

242 ± 13

250 ± 2

207 ± 1

210 ± 7

PDI

0.34 ± 0.05

0.15 ± 0.1

0.13 ± 0.01

0.14 ± 0.1

Size

239 ± 25

253 ± 1

198 ± 2

210 ± 5

PDI

0.33 ± 0.02

0.18 ± 0.02

0.08 ± 0.02

0.13 ± 0.1

Size

243 ± 14

255 ± 7

197 ± 3

211 ± 3

PDI

0.37 ± 0.10

0.15 ± 0.03

0.08 ± 0.04

0.06 ± 0.03
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Effect of SCF on the stability of different C-PLGA NPs

C
Fresh
0.5 hr
2 hr
6 hr
24 hr

Size

220 ± 2

252 ± 3

225 ± 2

209 ± 2

PDI

0.19 ± 0.02

0.13 ± 0.03

0.20 ± 0.01

0.14 ± 0.04

Size

224 ± 7

248 ± 4

213 ± 3

206 ± 1

PDI

0.24 ± 0.03

0.17 ± 0.02

0.12 ± 0.01

0.18 ± 0.04

Size

237 ± 9

249 ± 3

211 ± 2

208 ± 3

PDI

0.24 ± 0.10

0.24 ± 0.05

0.14 ± 0.02

0.11 ± 0.02

Size

241 ± 3

258 ± 8

199 ± 4

208 ± 4

PDI

0.24 ± 0.02

0.25 ± 0.02

0.14 ± 0.02

0.11 ± 0.06

Size

230 ± 6

280 ± 7

196 ± 2

201 ± 4

PDI

0.25 ± 0.05

0.300 ± 0.02

0.22 ± 0.02

0.05 ± 0.01
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Figure 1SI. In vitro release of curcumin from plain and functionalized C-PLGA NPs (mean ± SD, n =
3). Simulated gastric fluid (SGF), simulated intestine fluid (SIF) and simulated colon fluid (SCF). A
three-stage approach with three different pH release media was used in order to follow the
recommendations on methods for dosage forms testing by US Pharmacopeia 36, as described earlier in
reference 37. The media and time intervals used for the three different stages were the following:
simulated gastric fluid (SGF; 0.2% NaCl, 0.2% pepsin, 0.7% hydrochloric acid, pH 1.2) between 1-2 h,
simulated intestinal fluid (SIF; 0.68% KH2PO4, 3 mM sodium taurocholate, pH 6.8) between 3-5 h and
simulated colonic fluid (SCF; PBS, pH 7.4) between 6-24 h. Vertical dashed and dotted lines marks the
2 h and 5 h time points, respectively.
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Figure 2SI. Pig mucin (PM) binding to C-PLGA, 0.25% CS-C-PLGA, 0.5% CS-C-PLGA, 1% CS-CPLGA, WGA-C-PLGA and GE11-C-PLGA NPs (mean ± SD, n = 3).
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A)

B)

C)

D)

E)
Figure 3SI. Changes in SPR peak angular position (dashed lines) and TIR angular position (dotted line)
measured with a laser wavelength of 785 nm as a function of time during interaction of A) curcumin
S7

68

solution, B) noncoated C-PLGA NPs, C) chitosan coated CS-C-PLGA NPs, D) wheat germ agglutinin
functionalized WGA-C-PLGA NPs and E) GE11 peptide functionalized GE-C-PLGA NPs with HT-29
cells. Solid lines represents the corrected SPR response curves, which were used for further analysis. The
corrected SPR response curves were obtained by compensating for the difference in refractive index of
the DMEM running buffer and the samples (i.e. diluted H2O-based stock solutions of the NPs in DMEM)
by subtracting the contribution of the TIR angular position changes from the corresponding changes in
the main SPR peak angular position.
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ABSTRACT: Real-time label-free techniques are used to proﬁle G protein-coupled receptor (GPCR)
signaling pathways in living cells. However, interpreting the label-free signal responses is challenging, and
previously reported methods do not reliably separate pathways from each other. In this study, a continuous
angular-scanning surface plasmon resonance (SPR) technique is utilized for measuring label-free GPCR
signal proﬁles. We show how the continuous angular-scanning ability, measuring up to nine real-time labelfree parameters simultaneously, results in more information-rich label-free signal proﬁles for diﬀerent
GPCR pathways, providing a more accurate pathway separation. For this, we measured real-time fullangular SPR response curves for Gs, Gq, and Gi signaling pathways in living cells. By selecting two of the
most prominent label-free parameters: the full SPR curve angular and intensity shifts, we present how this
analysis approach can separate each of the three signaling pathways in a straightforward single-step analysis
setup, without concurrent use of signal inhibitors or other response modulating compounds.

G

artiﬁcial signaling pathways in cells, these modiﬁcations can
alter receptor function.6 Many assays also provide only endpoint data or require addition of labeling compounds, or both.4
Recently, real-time label-free techniques have emerged as
noninvasive alternatives for GPCR signaling pathway detection
in cells.7−10 By immobilizing living cells on sensor surfaces, the
measured label-free signals originate from intracellular changes
in close proximity to the sensor surface as a response to
receptor activation.11 The advantages of real-time label-free
methods are that they provide real-time data and they do not
require labels, which can alter cell functions12 or aﬀect sample
properties,13 to produce a signal output. Also, receptors can be
monitored in their native state without altering their
functionality. Real-time label-free cell assays are, therefore,
excellent for probing new drug candidates as they are not
biased to any GPCR subclass. Common methods used in realtime label-free cell measurements include electrical impedance
and optical methods such as biolayer interferometry, resonant
waveguide grating (RWG), and surface plasmon resonance
(SPR).7−10,14,15 RWG and SPR function by measuring
refractive index (RI) changes within the evanescent ﬁeld,
usually reaching a distance of 100−400 nm from the sensor
surface. In practice, RI changes are governed by mass

protein-coupled receptors (GPCRs) are the largest
family of transmembrane proteins. They are responsible
for a number of physiological functions and, as such, play a
crucial role in several diseases. Their importance is highlighted
by the fact that 35% of all FDA approved drugs mediate their
eﬀect via GPCRs,1 and they are still widely investigated for
new drug targets as there are still hundreds of known receptors
that are not targeted by any currently marketed drugs.2 GPCRs
are coupled to heterotrimeric G proteins comprised by Gα,
Gβ, and Gγ subunits, transducing extracellular stimuli into
intracellular signals by promoting the exchange of Gα bound
GDP with GTP, which, in turn, results in subunit dissociation
and second messenger signaling cascades within cells. GPCRs
are divided into four subclasses: Gi/o, Gq/11, Gs, and G12/13,
each interacting uniquely with second messengers, resulting in
receptor-type speciﬁc cellular responses. Up- or downregulation of functional molecules, speciﬁc for each signaling
cascade, causes spatial and temporal events that lead to
ordered and dynamic redistribution of intracellular contents.
Functional biochemical and cell-based assays are widely used
in GPCR research. In addition to detecting ligand binding,
they can also be used to investigate the ligand eﬃcacy to
induce cell signaling and biased signaling.3 Functional assays
detect the presence of second messengers or other downstream
molecules in response to receptor activation.4 As diﬀerent
receptor subtypes regulate these events in a subtype-speciﬁc
manner,5 any given assay detects signaling events only when
signaling occurs via the pathway toward which the assay is
sensitive. Also, even though some assays can be designed to be
sensitive toward multiple pathways, for example, by creating
© 2020 American Chemical Society
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buﬀer, and the ﬂow channels were heated to 37 °C (±0.1 °C).
The used buﬀer was chosen according to the basal media used
for cell cultures. For CHO-K1 cells, Dulbecco’s modiﬁed
Eagle’s medium (DMEM)/nutrient mixture F-12 Ham
containing 15 mM N-(2-hydroxyethyl)piperazine-N′-ethanesulfonic acid (HEPES) supplemented with 1% penicillin−
streptomycin (PS) was used. For A431 and HeLa cells, DMEM
containing 1 g/L D-glucose and 25 mM HEPES supplemented
with 1% PS was used. Before inserting the sensors into the SPR
device, the sensors on which the cells were cultured were
examined under a light microscope to conﬁrm suﬃcient cell
conﬂuence, morphology, and monolayer integrity. A ﬂow rate
of 20−30 μL/min was used and an angle range of 59−76° was
scanned continuously with a temporal resolution of approximately 6.5 s. Once the signal reached a stable baseline,
samples were injected for 15 min, after which buﬀer ﬂow
resumed. A reference sample with matching composition but
without active compounds was always injected to the second
channel concurrently with the test sample. At the end of the
experiments, cell sensors were treated with trypan blue and
observed under a microscope for viability.
Resonant Waveguide Grating (RWG) Measurements.
RWG measurements were performed using an EnSpire
multimode reader (PerkinElmer). Before experiments, media
in the well plates were replaced with the assay buﬀer. The plate
was then inserted into the device and equilibrated for 1 h, after
which a baseline read was taken for 30 min. Next, samples were
introduced to cells by ejecting the plate and pipetting sample
solutions to the wells. Three wells were used as controls, where
only buﬀer was added. The plate was then inserted quickly
back into the device and real-time measurement was started.
The wavelength shifts in all of the wells from one quarter of a
96-well plate were detected simultaneously. The maximum
temporal resolution of 15 s was used. Experiments were
performed at 26 °C (±3 °C). Assay buﬀer was DMEM
containing 4.5 g/L D-glucose supplemented with 1% PS and 10
mM HEPES. All samples were measured in three replicates.
Data Analysis. SPR data were extracted using the SPR
Navi Data viewer software (v. 4.3.3) (Bionavis Ltd.). The
moment of sample injection was selected as a zero time point,
where time and SPR response were set as zero. Further data
analysis was done using OriginPro (v. b9.5.5.409) (OriginLab
Corporation, Northampton, MA) and GraphPad Prism (v.
8.4.1) (GraphPad Software, San Diego, CA). All real-time cell
responses were background corrected by subtracting any bulk
response caused by the reference sample in the control channel
from the response of the sample channel. The area under the
curve (AUC) was used to plot concentration-response curves
from which EC50 values were determined using nonlinear
regression. AUC was calculated from T0 to Tend, where T0 is
deﬁned as the moment immediately before the sample enters
the measurement channel and Tend is the SPR signal at the
time when sample injection is ended. Any negative values were
neglected when calculating AUC values.
RWG data were extracted using EnSpire Manager software
(v. 4.1) (PerkinElmer). All data analysis was done using
OriginPro and GraphPad Prism. The average response of three
control wells was subtracted from the sample well responses
and real-time data were plotted as picometers (pm) against
time.

alterations and, when cells are immobilized on the sensors, the
RI is dominated by the immense amount of cellular mass16 and
redistribution of intracellular contents upon receptor activation.8,17
Many GPCR subtypes induce cell responses that are
detectable by label-free techniques, and the spatial and
temporal events occurring within cells translate to characteristic real-time label-free signal proﬁles for diﬀerent GPCR
subtypes.14,15,18 So far, there is convincing evidence that the Gs
pathway can be distinguished from other pathways by simply
observing the real-time label-free responses of agoniststimulated cells.7,14,19,20 Attempts have been made toward
also separating the Gq, Gi, and G12/13 pathways, but the results
have not been conclusive.9,10,14,15,18,21,22 Even though real-time
label-free systems have shown their potential as the “swiss
army knife” method for detecting responses initiated by any of
the G protein-coupled pathways mediated by diﬀerent GPCRs,
they have not yet been successful in correlating the label-free
signal output to speciﬁc receptor subtype in a simple singlestep analysis setup. Instead, a multiple-step analysis with
additional antagonists or other response modifying agents have
to be used to associate label-free signal responses to a speciﬁc
G protein-coupled signaling cascade.10,21−24 This can be
problematic if antagonists do not exist for a receptor and
especially problematic for orphan receptors with no known
ligands. Lastly, treating cells to silence or otherwise alter G
protein coupling may redirect signaling pathways from their
original activity to alternative cascades.25
In this study, we show that more information-rich real-time
label-free signal proﬁles for diﬀerent GPCR signaling pathways
can be derived from the analysis of signal responses obtained
using a continuous angular-scanning SPR method. The
measurements are conducted in a single-step analysis setup
without the need for prior cell treatments, use of antagonists,
or pathway-modulating compounds. Diﬀerent cell lines
expressing GPCRs coupled to Gαs, Gαi, or Gαq were used as
model systems. Following the agonist-induced receptor
stimulation, we show that the single-parameter SPR signal
proﬁles for Gs and Gq pathways correlate well with those from
previous studies using similar label-free methods. We then
present how GPCR pathway analysis comparing multiple SPR
parameters provides label-free signal proﬁles that exhibit
improved speciﬁcity to the GPCR signaling via Gq-, Gs-, and
Gi-coupled pathways.

■

MATERIALS AND METHODS
Cell Immobilization on Sensors. Cells were immobilized
on the sensors, as described previously.16 Brieﬂy, cells were
ﬁrst detached from 80−90% conﬂuent cell culture vessels using
TrypLE Express (12604, Thermo Fisher) or 0.05% trypsinethylenediaminetetraacetic acid (EDTA) (15400, Thermo
Fisher) and resuspended into a complete growth medium at
the desired concentration. Cell suspensions were then carefully
pipetted over the sensors. For HeLa cells, sensors were ﬁrst
coated with human ﬁbronectin (FC010, Sigma-Aldrich),
whereas for CHO-K1 and A431 cells, uncoated sensors were
used. Sensors with cells were cultured at 37 °C in 5% CO2 for
48−96 h until ∼100% conﬂuent. The culture medium was
renewed once after 24 h of incubation.
Surface Plasmon Resonance (SPR) Measurements.
The SPR experiments were performed using an MP-SPR Navi
instrument (Bionavis Ltd.). Prior to the SPR experiments, ﬂow
channels and all ﬂuidic paths were primed with the assay
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RESULTS

The cell lines used in this study express diﬀerent GPCRs,
which are coupled to three diﬀerent G proteins: Gi, Gq, and Gs,
each initiating their respective cell signaling pathways. With
A431 cells, the agonists used were bradykinin and epinephrine,
which bind to bradykinin B2 and ß2-adrenoceptors, activating
Gq and Gs pathways, respectively. With HeLa and CHO-K1
cells expressing the histamine H3 receptor hH3R-445 (CHOK1-hH3R), histamine was used, which binds to histamine H1
and H3 receptors, activating Gq and Gi pathways in these cells,
respectively. The other ligands and their targets used in this
study are shown in Table 1.
Table 1. List of Ligands and Cell Lines Used in This Study
ligand

agonist/
antagonist

target receptor
(pathway)

bradykinin
epinephrine
histamine

agonist
agonist
agonist

bradykinin B2 (Gq)
ß2-adrenoceptor (Gs)
histamine H1 (Gq),
histamine H3 (Gi)

mepyramine

antagonist

histamine H1 (Gq)

ranitidine

antagonist

histamine H2

thioperamide

antagonist

histamine H3 (Gi)/H4

JNJ-7777120

antagonist

histamine H4

Article

Cell Immobilization on Sensors. All cell lines were
successfully immobilized on the SPR sensors and showed near
fully conﬂuent cell monolayers under the microscope at the
end of the incubation periods. CHO-K1 and A431 cells
attached to the gold-coated sensors and retained uniform
monolayers and cell viability, even after an extended time in
the SPR instrument during the experiments (Figure S1A,B),
whereas Hela cells remained fully attached on sensors only
when a ﬁbronectin coating was applied (Figure S1C,D).
The presence of cell monolayers was also evident from the
full SPR curves (Figure S2). The SPR sensors without cells
show a sharp and deﬁnable total internal reﬂection (TIR)
region at an angle around 61°, and the position of the main
SPR peak or peak angular position (PAP) at an angle around
66°. Noticeable changes in TIR and PAP were observed with
the cell monolayers present on the sensors. The exact shape
and the position of the TIR region and the PAP were
somewhat dependent on the cell type. In general, cells caused
the TIR region to become less deﬁned with an angular position
at around 63°, while the PAP increased to 68−69°.
SPR Peak Angular Position (PAP) Responses During
GPCR Activation. Figure 1 shows the SPR PAP responses
against time during the stimulation of A431 cells with diﬀerent
concentrations of epinephrine and bradykinin, and during the
stimulation of CHO-K1-hH3R and HeLa cells with diﬀerent
concentrations of histamine. All agonists caused immediate
responses in PAP. A431 cells with bradykinin and epinephrine
showed unique real-time signal proﬁles: bradykinin caused a
rapid signal increase, reaching a maximal signal shift close to
600 millidegrees within 2 min with the three highest
concentrations, after which the signals started to quickly
decrease, reaching close to the initial values during the 15 min
sample injections (Figure 1A). Epinephrine, on the contrary,

cell linea
A431
A431
HeLa,
CHO-K1-hH3R,
CHO-K1
HeLa,
CHO-K1-hH3R
HeLa,
CHO-K1-hH3R
HeLa,
CHO-K1-hH3R
HeLa,
CHO-K1-hH3R

a

A431 = human epithelial squamous carcinoma cell line, HeLa =
human epithelial cervical adenocarcinoma cell line, CHO-K1 =
PathHunter Chinese hamster ovary (CHO-K1) parental cell line, and
CHO-K1-hH3R = CHO-K1 cell line expressing the hH3R-445.

Figure 1. Representative surface plasmon resonance (SPR) peak angular position (PAP) responses to G protein-coupled receptor activation.
Responses to diﬀerent concentrations of bradykinin (A) and epinephrine (B) with A431 cells and to diﬀerent concentrations of histamine with
CHO-K1-hH3R cells (C) and HeLa cells (D).
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Figure 2. Representative real-time responses of additional surface plasmon resonance (SPR) parameters. (A) Representation on how diﬀerent SPR
parameters relate to the measured full SPR curve. (B−J) Real-time responses of peak minimum intensity (B), peak angular position (C), peak
width at 0.25 intensity (D), peak width at 0.25 peak amplitude (E), steepest fall angle (F), steepest fall intensity (G), total internal reﬂection (TIR)
intensity (H), TIR angle (I), and peak amplitude (J) during sample injections of histamine with HeLa cells (orange dashed lines), bradykinin with
A431 cells (blue dotted lines), epinephrine with A431 cells (red solid lines), and histamine with CHO-K1-hH3R cells (green dashed and dotted
lines). All signal response curves are for agonists at concentrations well above their EC50 values.

dependent changes. To further evaluate these additional
parameters, rather than observing them one by one, we
plotted all of the additional parameters against PAP responses
(Figure S5). Four of these plots showed potential for pathway
separation. However, the PMI against PAP exhibited
particularly promising pathway speciﬁcity and was, therefore,
chosen for further analysis (parameters B and C from Figure
2). PMI is the measure of the dynamic intensity shift of the
peak minimum of the full SPR curve (Figure 2A). Figure 2B
shows a comparison of representative PMI responses for all
agonists. The observed PMI signals can be divided into two
distinct response proﬁles: increasing or decreasing below the
baseline. Histamine with HeLa cells and bradykinin with A431
cells show an increase in PMI responses, while histamine with
CHO-K1-hH3R cells and epinephrine with A431 cells show a
decrease in PMI. The PMI proﬁle for bradykinin closely
resembles the bradykinin PAP proﬁle: signal reaches its peak
maximum in less than 60 s and then exhibits a quick return to
initial baseline (compare Figure 2B and Figure 2C). Histamine
PMI response with HeLa cells resembles the bradykinin PMI
response proﬁle, except that the signal shows slightly slower
kinetics, reaching the peak after 2 min and declining back to
the initial value only toward the end of sample injection.
Histamine with CHO-K1-hH3R cells and epinephrine with
A431 cells both show similar PMI response proﬁles, with only
a decline in the signal, reaching the minimum within 5−6 min.
However, the decrease in PMI response for epinephrine with
A431 cells was negligible compared to histamine with CHOK1-hH3R cells and, therefore, not visible in Figure 2B. The
PMI response peaks for histamine with HeLa and CHO-K1hH3R cells reached maximum and minimum PMI shifts of
0.045 and −0.073, respectively. Bradykinin and epinephrine
showed much subtler responses with maximum and minimum
PMI shifts of 0.025 and −0.0014, respectively.
Figure 3 shows the two-parameter PMI-PAP response
proﬁles for all agonists with all cell lines at agonist
concentrations that induce maximum signal responses. From
this graph, it is clear that each GPCR signaling pathway
produces an unambiguously distinguishable pattern on this
two-dimensional angle-intensity graph. Both compounds
activating Gq-coupled receptors in diﬀerent cellular contexts,

caused a small initial decrease in the PAP response (Figure
1B). However, this was reversed within 60−90 s, after which
the response showed a two-phased signal increase: a rapid rise
lasting 2−4 min and a slower rise until the end of the sample
injection, reaching a maximal signal shift of around 180
millidegrees at 1 μM. Histamine with CHO-K1-hH3R cells
showed very similar PAP response patterns compared to
bradykinin with A431 cells: an immediate signal increase,
followed by a gradual decrease after reaching a maximal signal
shift of around 300 millidegrees with the three highest
concentrations (Figure 1C). Histamine with HeLa cells
showed PAP response characteristics from both bradykinin
and epinephrine with A431 cells: the signal increased
immediately, reaching a maximum shift of 520 millidegrees
at 100 μM and showing only slight or no signal decrease
during sample injections (Figure 1D). The PAP response
curves were used to calculate the AUC values, whereby
concentration-response curves were plotted and the EC50
values were subsequently calculated for all agonists (Figure
S3). Average pEC50 values (±standard error of mean (SEM))
of 8.0 ± 0.09 (n = 3) for bradykinin and 8.9 ± 0.13 (n = 3) for
epinephrine were obtained, while the pEC50 values (±SEM)
for histamine with CHO-K1-hH3R cells was 6.9 ± 0.29 (n = 3)
and 5.7 ± 0.06 (n = 3) with HeLa cells.
To observe cell responses to ligand removal, SPR measurements were allowed to continue after sample injections ended.
With all agonists, PAP signals returned to their initial values, or
very close to the initial values (data not shown). Also, the cells
remained responsive to repeated stimulation with the same
ligand, except with the HeLa cells, where a second histamine
stimulation showed a clearly desensitized response even after
135 min washout between the sample injections (Figure S4).
Pathway Analysis. In addition to PAP, continuous
recording of the full SPR curve allows monitoring of several
other SPR signal responses (Figure 2A). We plotted eight
additional SPR parameters: peak minimum intensity (PMI),
peak amplitude, peak width at 0.25 intensity, peak width at
0.25 peak amplitude, TIR angle, TIR intensity, steepest fall
intensity, and steepest fall angle for all agonists at
concentrations above their EC50 values (Figure 2B−J). Many
of these signal responses exhibited consistent and pathway14512
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Figure 3. Two-parameter surface plasmon resonance (SPR) response
proﬁles. Peak angular position (PAP) responses are plotted against
peak minimum intensity (PMI) responses for histamine with CHOK1-hH3R cells (green lines with dashes and dots, Gi), epinephrine
with A431 cells (red solid lines, Gs), bradykinin with A431 cells (blue
lines with dots, Gq), and histamine with HeLa cells (orange lines with
dashes, Gq). For each response proﬁle, three independent measurements with agonists at concentrations inducing maximum PAP
responses are shown.

lean to the right and create a loop shape. The Gi-coupled
receptor activation creates a similar loop but leans strongly to
the left, while the Gs-coupled receptor activation draws a
straight line across the y-axis.
SPR Responses Originate from Receptor Activation.
To conﬁrm that the measured SPR signals originate from the
cell responses speciﬁc to GPCRs, we used a range of histamine
receptor antagonists, G protein inhibitors, and parental CHOK1 cells that were not transfected with the hH3R-445. As
expected, parental CHO-K1 cells did not show any response
when exposed to 300 nM histamine (Figure S6A). Histamine
H1 receptor antagonist mepyramine at 1 μM, histamine H2
receptor antagonist ranitidine at 10 μM, or histamine H4
receptor antagonist JNJ-7777120 (JNJ) at 1 μM did not
attenuate CHO-K1-hH3R cell responses to 300 nM histamine
(Figure S6B). On the contrary, thioperamide, an H3/H4
antagonist at 1 μM, given concurrently with 300 nM histamine,
decreased the PAP AUC to around 10%, compared to
histamine alone. Furthermore, overnight treatment with 1
μM YM-254890 (YM), a peptide inhibiting Gq-coupled
receptor signaling, did not inhibit cell response to histamine,
whereas overnight treatment with 100 ng/mL pertussis toxin
(PTX), a Gi inhibitor, completely abolished the response. With
HeLa cells, which endogenously express Gq-coupled histamine
H1 receptors, no eﬀect was seen when cells were stimulated
with 10 μM histamine concurrently with 10 μM ranitidine, 1
μM thioperamide, and 1 μM JNJ or after cells were treated
overnight with 100 ng/mL PTX (Figure S6C). However, with
concurrent exposure to 1 μM mepyramine, the PAP AUC
decreased to around 7% of that with histamine alone and to
around 6% after 15 min treatment with 10 μM YM.
Comparison of SPR PAP Responses with RWG
Responses. We compared the SPR PAP responses with
responses measured using RWG. Results from both systems
were well in accordance with each other (Figures 4A and S7).
The overall shapes of the RWG and SPR response curves
follow closely similar patterns. However, with bradykininstimulated A431 cells, the main response peaks in RWG always
occurred at earlier time points and saturated at lower agonist
concentrations compared to SPR. This is more pronounced

Figure 4. Comparison between surface plasmon resonance (SPR) and
resonant waveguide grating (RWG). (A) Representative real-time
responses to diﬀerent concentrations of bradykinin with A431 cells on
sensors. Concentrations are: 1, 5, 10, and 500 nM with orange solid
lines, blue dashed lines, green dotted lines, and red dashed and dotted
lines, respectively. Lines without markers are SPR responses and lines
with markers are RWG responses. Left y-axis is SPR PAP response
and right y-axis RWG response. (B) Representative concentrationresponse curves for bradykinin determined from the area under the
curve (AUC) of SPR PAP and RWG responses. RWG responses are
the solid blue line with circles and SPR PAP responses are the dashed
red line with squares.

with the highest concentration, where the initial signal shift is
rapid and strong (Figure 4A). These diﬀerences are most likely
a consequence of sample handling. With RWG, measurement
is halted during sample addition and initial cell response is
therefore lost, whereas with SPR, measurement is never
interrupted.
Despite these diﬀerences, the concentration-response curves
plotted for RWG and SPR responses compare closely with
each other (Figure 4B). The EC50 value for bradykininstimulated A431 cells calculated from AUC of the RWG
responses was around 3 nM, which is close to the value of 10
nM obtained using the SPR responses. The slightly lower EC50
value with RWG is probably a consequence of the loss of initial
temporal resolution.

■

DISCUSSION

The sensitivity of real-time label-free methods allows detecting
very small mass alterations originating from localized cellular
mass rearrangement, such as changes in cell morphology or
even intracellular mass movements.26 This mass sensing
property makes real-time label-free cell assays inherently
diﬀerent from traditional functional cell assays, as all cell
events occurring within the detection area are monitored
instead of only a single speciﬁc predetermined cellular
14513
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amount of mass within the evanescent ﬁeld. Instead, PMI is
aﬀected by the amount of light that is reﬂected back at the SPR
coupling angle and is sensitive to any absorbing or scattering
surfaces within the sensing depth. With cell assays, this means
that any event where the total mass does not necessarily
change, but the surface area of scattering interfaces that the
surface plasmons encounter increases or decreases, changes in
PMI occur. This type of scatter-inducing changes in cells have
been described earlier and were associated mainly with
morphological changes in the cell membrane.32 Of course,
other cellular processes can be expected to also inﬂuence
surface plasmon scattering.
When looking at the PMI changes caused by the activation
of diﬀerent GPCRs, it is evident that, like the PAP responses
presented here and other label-free signal proﬁles reported by
other groups, the PMI responses also display complex kinetic
proﬁles, indicating that PMI responses are sensitive to the
unique cellular processes initiated by diﬀerent active G protein
subtypes. What is more interesting, compared to the PAP
proﬁles, is that the SPR PMI responses seem to exhibit higher
signal pattern speciﬁcity for each pathway: increase, decrease,
and only a minor negative change in PMI responses for Gq, Gi,
and Gs pathways, respectively (Figure 2B). Also, it seems that
the PMI responses are not as sensitive to the cellular context as
PAP responses, as evident from the more apparent correlation
of the PMI proﬁles associated to the Gq signaling pathway,
demonstrated by bradykinin-stimulated A431 cells and
histamine-stimulated HeLa cells (compare Figure 2B and
Figure 2C). Because of these unique PMI responses, the three
GPCR signaling pathways are, in this case, recognizable solely
from the PMI proﬁles. However, by observing PAP and PMI
together, stronger correlation between SPR response patterns
and GPCR signaling pathways, especially across diﬀerent
cellular backgrounds, should be achieved (Figure 3). However,
further experiments, collecting data from broader selection of
cell lines, receptor types, and a range of diﬀerent ligands
targeting these receptors, are warranted to validate the
robustness of this multiple SPR parameter analysis as a
method for unambiguous GPCR pathway recognition. Also,
the cellular context for measuring the G12/13 pathway with
angular-scanning SPR should be investigated to establish the
label-free signal proﬁle for this pathway.
Because SPR has not been widely used for GPCR signal
proﬁling, comparison with more established label-free systems
is warranted. The observed PAP time-response proﬁles for Gq
and Gs signaling pathways are in good accordance with the
results from other groups using similar optical label-free
systems: activation of the Gq signaling pathway in A431 cells
shows a two-phased overall response proﬁle with a rapid initial
signal increase followed by a decreasing signal (Figure 1A),14
while the same pathway in HeLa cells shows only an increasing
overall signal proﬁle with little or no signal decrease (Figure
1D).8,28 In addition to diﬀerences in the Gq response proﬁles
under a diﬀerent cellular context, some Gq signal proﬁle
diﬀerences in the same cell type can also be observed between
diﬀerent studies: Lu et al.8 reported a triphasic early Gq signal
increase with HeLa cells using both SPR and impedance
methods, while results by Yu et al.15 using an impedance
method and by Deng et al.28 using RWG showed, similarly to
our results, only a single-phased early signal increase. For the
Gs pathway, the signal proﬁles seem to be fairly uniform even
across diﬀerent label-free techniques and cell types.7,9,14 To the
best of our knowledge, real-time label-free Gs signaling

response. This makes these methods a great choice for
measuring a number of diﬀerent cell responses, such as GPCR
cell signaling. GPCR pathway analysis with label-free methods
is based on the ability of these techniques to translate the
spatial and temporal mass redistribution within cells into realtime signals.9,14,15 As the activated GPCR signaling pathways
within cells can lead to either an increase or decrease in relative
mass within the label-free sensing area, the label-free responses
can also exhibit either a signal increase or decrease from their
baseline level, respectively. So far, the label-free identiﬁcation
of Gs and Gq pathways by previous studies have been owed
mainly to the uniqueness of the Gs response proﬁle, speciﬁcally
the initial negative peak but also to the analysis of the timeresponse signal proﬁle as a whole.19,27 This time-resolved
pathway recognition may work when separating GPCR
signaling within the same cellular context, but the same
signaling pathways that are activated in diﬀerent cell types can
produce quite diﬀerent label-free response proﬁles (compare
Figure 1A and Figure 1D).28 Also, it is interesting to note that
much of the data interpretation so far has been focused only on
diﬀerentiating Gs response from other pathways and on general
proﬁling of Gq and Gi time-response signals. This might be
simply due to the time-resolved signal proﬁles not being
suﬃciently distinctive to separate Gq and Gi signaling from
each other.10,14,15,29 Furthermore, even though impedancebased methods have shown some potential in distinguishing
between these three G protein signaling pathways, the analysis
still relies on subtle diﬀerences in the kinetic proﬁle of only a
single parameter18 or two closely related parameters.30
Moreover, results have been variable, where in some cases,
depending on the type of instrument and cell lines used, the
responses for the same pathway have shown very diﬀerent
response patterns.9,15,18 To circumvent these drawbacks, an
alternative approach, applied in many label-free studies, is to
introduce compounds, such as antagonists or inhibitors
targeting the signaling proteins, in addition to the agonists to
alter or silence label-free responses to separate GPCR signaling
pathways.10,21 However, this introduces more complexity in
label-free assays. Because of these challenges, there has not
been a well-established label-free method to distinctively
distinguish between these three GPCR signaling pathways in
a straightforward manner.
Like with other label-free systems, the SPR PAP signals
presented in this study reﬂect the subtle mass redistribution
taking place in cells during GPCR activation. In RWG
measurements, this is often referred to as dynamic mass
redistribution (DMR). However, with the angular-scanning
SPR, we are not limited only to measuring the PAP responses.
Instead, much more information-rich label-free signals can be
extracted from the full SPR curves (Figure 2A). While it has
been demonstrated that more than one parameter can also be
measured with angular-scanning RWG,17 further pathway
analysis using additional parameters has not been explored.
We have previously demonstrated how the continuously
recorded full SPR curve can provide deeper label-free analysis
of cellular responses.31 Measuring the dynamic responses of
the full SPR curves during the activation of GPCRs revealed
that, in addition to PAP, at least ﬁve other label-free
parameters exhibited time-dependent responses that might be
used for pathway separation (Figure 2B,D,E,I,J). Of these,
further analysis indicated that the PMI signals showed the best
separation of GPCR subtypes (Figures 3 and S5). Unlike the
PAP responses, the PMI signals are not sensitive directly to the
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demonstrate that the strength of real-time label-free methods
lies in fact in the high information content that these
techniques are capable of and, therefore, need for more
advanced signal analysis methods is justiﬁed.

pathway responses are not previously reported using SPR. Our
results show that the SPR responses during Gs activation are
very well in line with other label-free methods, showing an
immediate but transient signal decrease followed by a twophased increase (Figure 1B). There have been previous
attempts to also proﬁle the Gi signaling pathway using RWG
and impedance methods, and even though results have not
been conclusive, all cell responses attributed to the Gi signaling
pathway have shown signal proﬁles with increasing signal
responses,9,10,14,15,18,21,22,29 and our results support these
previous observations (Figure 1C). Lastly, the EC50 values
obtained for histamine with HeLa cells and for epinephrine
and bradykinin with A431 cells are well in line with previously
reported values measured with optical label-free methods.8,27,33
However, it is worth noting that the EC50 value for histamine
with CHO-K1-hH3R cells shows greater variation than the
other agonist-receptor pairs (Figure S3C). This is likely due to
loss of receptor expression with cells having higher passage
numbers, resulting in lowered SPR responses (Figure S8).
We also compared the SPR technique directly with RWG.
Parallel measurements showed that the SPR and RWG
responses correlated closely. PAP responses from SPR and
RWG responses showed matching Gq and Gs signal proﬁles
with A431 cells and comparable EC50 values for bradykinin
(Figures 4 and S7). An advantage of SPR over RWG is that
information on receptor activation is obtained in dynamic ﬂow
conditions with no delay in measured responses. This was
observed as better SPR sensitivity to higher bradykinin
concentrations with A431 cells (Figure 4).
The observations presented in this study, and results
reported in previous studies by other groups, indicate that
while the label-free signal proﬁles depend mainly on the GPCR
signaling pathway, they are also dependent on the cellular
context and the label-free techniques used as these methods
are sensitive to a variety of assay conditions. Therefore, other
factors besides GPCR signaling pathways can play an
important role in the observed label-free signal responses
and, therefore, using the time-resolved single-parameter signal
proﬁle analysis alone for interpreting GPCR signaling pathways
presents some uncertainty. This underlies the need for more
advanced signal analysis methods for an unambiguous GPCR
pathway recognition by real-time label-free methods, such as
using multiple label-free parameters concurrently.
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Supplementary Experimental Section
Chemicals and compounds. +LVWDPLQHGLK\GURFKORULGH + EUDG\NLQLQDFHWDWHVDOW 
B3259), (±)-epinephrine hydrochloride (E4642), mepyramine maleate salt (P5514), ranitidine
hydrochloride (R101), thioperamide maleate salt (T123), pertussis toxin (PTX) (P2980, 0.2 mg/ml in
glycerol), L-ascorbic acid (A7506) and dimethyl sulfoxide (DMSO) (34869) were purchased from
Sigma-Aldrich (St. Louis, MO, USA). YM- <0  -00631) was purchased from
FUJIFILM Wako Pure Chemical Corporation (Osaka, Japan), Dulbecco's phosphate-buffered saline
(PBS) (14190) from Thermo Fisher Scientific (Waltham, MA, USA) and JNJ-7777120 (JNJ) was
synthesized in house. Two histamine stocks were prepared, one in 100% DMSO at 10 mM and
another in PBS at 30 mM. Bradykinin stock (0.1 mM) was prepared in PBS and epinephrine stock
(10 mM) in PBS with 0.1 M ascorbic acid. Mepyramine, ranitidine, thioperamide and JNJ stocks
were all prepared in 100% DMSO at 10 mM and YM stock in 100% DMSO at 1 mM. Final histamine,
bradykinin, mepyramine, ranitidine, thioperamide and JNJ samples were diluted into the relevant cell
culture media used as an assay buffer. Epinephrine stock was first diluted into PBS with 0.1 M
ascorbic acid, from which the final sample was further diluted into the assay buffer at a 1:100 (v/v)
ratio immediately before sample injection. Epinephrine stock was always prepared fresh on the day
of the experiment. Histamine, bradykinin, mepyramine, ranitidine, thioperamide, JNJ and YM stocks
were stored at -20 °C.
Cell culture. Human epithelial cervical adenocarcinoma (HeLa, ATCC® CCL-2TM) cells were
obtained from the American Type Culture Collection (ATCC, Manassas, VA, USA), human epithelial
squamous carcinoma (A431, ECACC 85090402) from the European Collection of Authenticated Cell
Cultures (ECACC, Salisbury, UK) and the PathHunter Chinese hamster ovary (CHO-K1, 93-0164)
beta-arrestin2-EA parental cell line from DiscoveRx (Eurofins DiscoverX Corporation, Fremont, CA,
USA). HeLa cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing Lglutamine and 1 g/l D-glucose (31885, Thermo Fisher), A431 cells in DMEM containing L-glutamine
S-3

103

PUBLICATION IV: Label-Free Analysis with Multiple Parameters Separates G ProteinCoupled Receptor Signaling Pathways

and 4.5 g/l D-glucose (41966, Thermo Fisher) and CHO-K1 cells in DMEM/nutrient mixture F-12
Ham containing L-glutamine, 3.15 g/l D-glucose and 15 mM HEPES (D8437, Sigma-Aldrich). All
culture media were supplemented with 10% heat-inactivated fetal bovine serum (FBS) (16140,
Thermo Fisher) and 1% penicillin-streptomycin (PS) (15140, Thermo Fisher). Cells were maintained
in a humidified incubator at 37 °C and 5% CO2. Cells were passaged twice per week and medium
changed once per week.
Generation of a stable CHO-K1-H 3R cell line. From the parental PathHunter CHO-K1 cell line,
a stable CHO-K1 cell line expressing the histamine receptor hH3R-445 (CHO-K1-hH 3R) was
subsequently generated by clonal selection with G418 (800 μg/ml) (10131, Thermo Fisher) and
Hygromycin B (400 μg/ml) (10687, Thermo Fisher). Receptor expression level and function were
consequently validated using [3H]-NDMH binding and the DiscoveRx PathHunter assay prior to any
of the herein described experiments (data not shown). The CHO-K1-hH 3R cells were maintained and
cultured in DMEM/F12 medium as described before, supplemented with G418 (600 μg/ml) and
Hygromycin B (250 μg/ml).
Cell immobilization on sensors. Gold coated SPR sensors (SPR102-AU, Bionavis Ltd, Tampere,
Finland) were first cleaned by boiling them for 10 min in a mixture of 30% ammonium hydroxide
solution (221228, Sigma-Aldrich), 30% hydrogen peroxide solution (95321, Sigma-Aldrich) and
Milli-Q-water (1:1:5 v/v), followed by rinsing with Milli-Q-water and drying under air or nitrogen
flow. Additionally, sensors were rinsed with 70% (v/v) ethanol and dried before cells were seeded on
sensors. Sterile packed label-free enabled EnSpire-LFC 96-well microplates were purchased from
PerkinElmer (60554, Waltham, MA, USA).
Fibronectin coating was applied by incubating sensors in 8.8 cm2 polystyrene Petri dishes with 2
ml of a 20 μg/ml fibronectin in PBS at room temperature for approximately 1 h. Fibronectin solution
was removed right before adding the cells. Cells were counted by using Cedex XS cell counter
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(Roche, Basel, Switzerland), TC10 cell counter (Bio-Rad Laboratories, Hercules, CA, USA) or by
hand with a hemocytometer. Trypan Blue solution 0.4% (15250, Thermo Fisher) was used to exclude
non-viable cells. Cells were added to sensors at cell densities of 0.6 – 0.8, 2.6 – 3.2 and 0.7 – 0.9 u
105 cells / cm 2 for CHO-K1, A431 and HeLa cells, respectively. PTX (100 ng/ml) treated cells were
incubated overnight at 37 °C in 5% CO 2, while YM (1 μM) treated cells were either incubated
overnight at 37 °C in 5% CO 2 or exposed to 10 μM of YM for 15 min prior to sample injection. A431
cells were also seeded on the label-free enabled EnSpire-LFC 96-well microplates. Wells were first
filled with 40 μl of cell culture medium and centrifuged for 1 min at 800 RPM. Cells were then added
to each well by pipetting 80 μl of cell suspension to give a cell density of 0.4 u 105 cells / well and a
total volume of 120 μl. The plates were incubated at room temperature for 30 min before being placed
in an incubator. The culture medium was renewed after 24 h by removing 85 μl of medium and
washing four times with 50 μl of fresh medium. Finally, 45 μl of medium was added, resulting in a
final volume of 80 μl in each well. The plates were then incubated for 30 min at room temperature
before returning to the incubator. Cells with passage numbers between 6 – 29 were used for these
studies, except with the CHO-K1-hH 3R cells that were used between passage numbers of 17 – 25.
Surface plasmon resonance (SPR) measurements. The SPR experiments were performed using
an MP-SPR Navi 210A instrument (Bionavis Ltd), apart from the experiments described in Figure 4
and Figure S7, which were conducted using an MP-SPR Navi 200 instrument. The SPR 210A consists
of two separate units, namely, the SPR device itself and a liquid autosampler, while the SPR 200 is
lacking the autosampler. The instruments use the Kretschmann configuration with a motorized
mechanism that closes the SPR sensor between the flow channels and the prism. The two flow
channels are on the docking part of the device and isolate specific regions on the sensor, creating
closed measurement chambers. The flow channels have separate inlets and outlets for independent
liquid perfusion to both channels. The liquid autosampler is equipped with three syringe pumps, two
for generating a continuous liquid flow to the flow channels and one for sample handling. Samples
S-5
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are drawn via tubing that are placed into sample vials, after which samples are pushed into the sample
loops. Loops for both flow channels are filled before injecting, allowing samples to enter both
channels simultaneously. A goniometric arrangement of the laser source and the photodetector allows
continuous scanning of incident angles in the range between 39 – 76°. All results presented were
measured with laser wavelength of 785 nm.
For histamine samples with HeLa cells, the cells were exposed to histamine only once and a new
cell sensor was used for further histamine injections. For histamine with CHO-K1-hH 3R cells and
bradykinin and epinephrine with A431 cells, a single sensor was used for measuring cell responses
sequentially for all concentrations. Two histamine stocks, described earlier, one in DMSO and the
other in PBS were used with CHO-K1 and HeLa cells, respectively.

S-6

106

Figure S1. Microscope images of cells immobilized on surface plasmon resonance (SPR) sensors.
Images of CHO-K1-hH 3R cells (A) and A431 cells (B) on SPR sensors after SPR experiments.
Images of HeLa cells on SPR sensors after SPR experiments on untreated sensor (C) and fibronectin
treated sensor (D). Cells are trypan blue treated, resulting in non-viable cells to show in a strong blue
/ dark color. Scale bars are 200 μm.
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Figure S2. Surface plasmon resonance (SPR) full curves. Full SPR curves with laser wavelength of
785 nm for gold sensor (grey dotted line) and sensors covered with confluent A431 (blue dashed
line), HeLa (orange dashed and dotted line) and CHO-K1 (green solid line) cell monolayers. The
circles highlight the shifts in the position and shape of the total internal reflection (TIR) region while
the arrow indicates the shifts observed in the peak angular position (PAP) observed with cell
monolayer covered sensors.
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Figure S3. Concentration response curves (CRC) for all agonists. CRCs of three independently
performed SPR experiments for bradykinin (A) and epinephrine (B) with A431 cells, and for
histamine with CHO-K1-hH 3R (C) and HeLa cells (D).
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Figure S4. Surface plasmon resonance peak angular position (PAP) responses to repeated agonist
exposures. PAP responses when A431 cells were exposed consequently to 300 nM bradykinin (A)
and to 100 nM epinephrine (B). PAP responses when CHO-K1-hH 3R cells were exposed
consequently to 300 nM histamine (C) and when HeLa cell were exposed to 30 μM histamine on the
first sample exposure and 100 μM histamine on the second sample exposure (D). Note that near
identical responses are obtained with the second injection as compared to the first in A, B and C,
indicating that the cells have become re-sensitized, whereas the cells in D remain desensitized over
the time period extending between the first and second injection. All ligands were injected at
concentrations above their respective determined EC50 values.
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Figure S5. Representative two-parameter plots of all the observed additional surface plasmon
resonance (SPR) parameters. Parameters were plotted against peak angular position (PAP) responses
(y-axis). The parameters on the x-axes are: total internal reflection (TIR) angle (A), TIR intensity (B),
steepest fall angle (C), steepest fall intensity (D), peak width at 0.25 peak amplitude (E), peak width
at 0.25 intensity (F), peak amplitude (G) and peak minimum intensity (H). Presented curves are
responses during sample injections of histamine with HeLa cells (orange dashed lines), bradykinin
with A431 cells (blue dotted lines), epinephrine with A431 cells (red solid lines) and histamine with
CHO-K1-hH 3R cells (green dashed and dotted lines). All signal response curves are for agonists at
concentrations well above their EC 50 values.
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Figure S6. Control experiments with parental CHO-K1 cells, receptor antagonists and inhibitors. (A)
Surface plasmon resonance (SPR) peak angular position (PAP) responses when parental CHO-K1
cells without hH 3R-445 (solid line) and CHO-K1 cells transfected with hH 3R-445 (dashed line) are
stimulated with 300 nM of histamine. (B and C) Relative SPR responses to histamine when cells were
concurrently exposed to antagonists mepyramine (Mep, 1 μM), ranitidine (Ran, 10 μM),
thioperamide (Thio, 1 μM) and JNJ-7777120 (JNJ, 1 μM) and after cells were treated with pertussis
toxin (PTX, 100 ng/ml) and with YM-254890 (YM, 1 μM overnight (B) and 10 μM for 15 min (C)).
(B) Representative responses with CHO-K1 cells transfected with hH3R-445 and (C) representative
responses with HeLa cells. Relative responses are compared to responses with histamine alone (as
PAP area under the curve). Histamine concentrations are 300 nM (B) and 10 μM (C).
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Figure S7. Comparison between surface plasmon resonance (SPR) and resonant waveguide grating
(RWG) responses to epinephrine with A431 cells. Orange solid line is SPR peak angular position
(PAP) response to 30 nM epinephrine and dashed blue line is RWG response to 50 nM of epinephrine.
Left y-axis is SPR PAP response, right y-axis RWG response, bottom x-axis is time for SPR response
and top x-axis is time for RWG response in minutes.
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Figure S8. Decrease in the maximum response of the SPR peak angular position (PAP) as a function
cell passage number with the transfected CHO-K1 cells. Bars show the maximum SPR response to 4
μM of histamine with CHO-K1-hH 3R cells at different cell passage numbers. Error bars are the
standard deviation of independent measurements.
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Measuring NP and EV uptake to HeLa cells with SPR
(publication I)
The effect of NP surface charge and EV concentration on cellular uptake
efficacy are reflected in the SPR responses.
From the real-time SPR responses, first order kinetic fit provides the rate
constant values for the cellular uptake of NPs and EVs.
SPR responses measured during cellular uptake of NPs at different
temperatures allow determination of the activation energy of endocytosis
and the phase transition temperature of cell membrane.
SPR responses during the cellular uptake of NPs and EVs reflect the
complexity of cellular uptake mechanisms. Therefore, analysis of the realtime responses provides means to investigate the endocytic processes.

Measuring surface functionalized NP uptake to HT-29 cells with
SPR (publication II)
Correcting SPR angular responses with TIR responses eliminates the bulk
signal effect originating from composition difference between the sample
and the assay buffer.
TIR-corrected SPR responses reflect the targeting efficacy of surface
functionalized NPs.
The area under the curve of the TIR-corrected SPR responses correlate with
the cellular uptake efficacy of NPs.
SPR responses are holistic in nature and therefore sensitive to all alterations
occurring in cells and within the outside environment of the cells. Sample
composition will therefore affect SPR responses and can interfere with
signal interpretation. Subtracting the TIR response from the angular
response removes this non-cellular originating signal interference, resulting
in SPR responses that correctly reflect PLGA NP uptake efficacy.



Summary of the main results

Comparing the uptake of RBC- and PLT-derived EVs to PC-3
cells with SPR
(publication III)
Differential SPR responses (i.e. the response difference between the two
measured wavelengths) remove signal interference originating from crossexperiment variation of the sensor cell amount.
The differential SPR responses reflect the effect of the biochemical
composition of EVs on cellular uptake efficacy.
From the differential SPR responses, first order kinetic fit provides the rate
constant values for the cellular uptake of EVs.
Uptake of RBC- and PLT-derived EVs into PC-3 cells showed large variation
in SPR responses across repeated experiments for EVs having the same
origin and concentration. Differential SPR response analysis provides
consistent results, thus allowing comparison of the uptake efficacy of EVs
derived from different origins.

GPCR signaling analysis with multiple SPR parameters
(publication IV)
The time-dependent single parameter SPR angular responses measured for
GPCR signaling pathways in CHO-K1, A431 and HeLa cells show response
profiles that are in good agreement with the response profiles for similar
signaling pathways reported in the literature.
The real-time full angular SPR spectra provide at least nine different labelfree parameters, among which several show pathway-specific, timedependent signal profiles.
By combining two label-free parameters, label-free signal profiles that
clearly separate Gq, Gs and Gi signaling pathways were obtained.
Separating GPCRs according to their coupling to different G protein
subclasses has not been previously possible solely from the label-free
responses of agonist-induced GPCRs. Different cellular activities during
GPCR signaling promote distinct responses in different label-free
parameters. Therefore, by observing more than a single parameter, more
detailed information on cellular activity is obtained.







  

In addition to the published work, the following additional unpublished
results are included in this thesis



      
   
 
 

SPR peak angular position responses showed assay buffer-dependent changes
when HeLa cells were stimulated with 30 μM histamine (Figure 6). Comparing
measurements conducted using Dulbecco’s modified Eagle’s medium
(DMEM) or Dulbecco’s phosphate-buffered saline (DPBS) as an SPR assay
buffer resulted in the maximum signal amplitude decreasing from 620
millidegrees to 350 millidegrees and a delay in reaching a steady signal from
3 min to 15 min.
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SPR responses when HeLa cells are stimulated with 30 μM histamine show
several changes when the assay temperature is lowered from 37 °C to 22 °C
(Figure 7). First, the maximum signal amplitude is lowered from 620
millidegrees to 380 millidegrees. Second, the response peak is delayed from
around 3 min to 6 min. Third, initial response during the first minute is
switched from a simple rapid signal increase to a delayed signal increase
showing a two-phase increase with an additional transient signal plateau
(Figure 7 inset).
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The SPR device is equipped with a removable flow cell that houses flow
channels for liquid perfusion. By default, a single-channel flow cell is suited
for cell-based SPR measurements (Figure 8). We fabricated a two-channel
flow cell with separate inlets and outlets for cell-based SPR measurements.
This allowed two samples to be simultaneously perfused on a single SPR cell
sensor.
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Figure 9 shows how cell responses can be influenced by sample properties
other than the sample compound itself and how this additional contribution
to the SPR signal can be removed by using the second channel as a reference.
Figure 9a shows how 0.1% DMSO in assay buffer causes a response in cells.
Figure 9b shows cells responding to 1 nM of bradykinin in assay buffer, to the
reference sample (i.e. plain assay buffer without bradykinin) and a referencecorrected SPR response where the reference channel response is subtracted
from the sample channel response, therefore showing only the contribution of
bradykinin-stimulated cell response to the SPR signal.
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Cell-based assays have become such a commonplace for researchers working
in the field of life sciences that their drawbacks can be easily forgotten or
overlooked. The majority of the cell-based methods used are endpoint
measurements that only report the state of cells at a fixed point in time.
Alternatively, time-sensitive methods require a certain degree of manipulation
of cells or investigated compounds or both. As these methods fail to depict the
true response complexity in unaltered living cells, there is justified concern as
to how well the obtained results translate to in vivo environments. Label-free
technologies circumvent both these limitations and have therefore raised
interest as an alternative or complementary approach to traditional cell-based
assays. They have found their use especially in the research of transmembrane
receptors but also in more general cell biology studies [52, 77, 95, 110, 122, 124,
125, 127, 140].
As cell analysis with label-free methods is still in its infancy, especially in
pharmaceutical applications, many of the studies so far have concentrated on
finding out how label-free signal responses correlate with distinct events and
processes occurring in cells during cellular activity. The goal of this thesis,
however, was not to try to reveal the molecular or cell organelle level changes
that are responsible for the SPR signals, but rather to evaluate how a more indepth exploration of label-free responses can provide better overall signal
analysis and to discriminate the contribution of interfering signal sources.
The prerequisite for cell-based label-free measurements is proper cell
immobilization on sensors, so that cells withstand the conditions they are
exposed to during experiments and that a good label-free response is obtained.
In the case of the SPR experiments presented here, cells need to endure the
shear stress caused by a continuous liquid flow, as cells are perfused with assay
buffer. The five cell lines used, HeLa (publications I and IV), HT-29
(publication II), PC-3 (publication III), CHO-K1 (publication IV), and A431
(publication IV), were all shown to remain viable and confluent during the
experiments. Cell attachment to SPR sensors depends on the used cell line.
The HT-29, CHO-K1, and A431 cells could be attached on bare gold sensor
surfaces, whereas with HeLa and PC-3 cells, additional fibronectin coating was
required. In the context of the results presented in this thesis, the fibronectin
coating did not have an impact on the observed SPR responses. However, it
has been shown by other research groups that even if cells do attach on
sensors, poor adhesion can lead to a loss of label-free signals, and that this
problem can be resolved, at least in some cases, by using cell adhesion
promoters [103]. Thus, with cell-based SPR experiments, in addition to proper
cell attachment, a successful recording of an SPR signal responses always need
to be confirmed for each cell type used.
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As discussed earlier, there seems to be an almost complete lack of studies
using label-free methods to investigate endocytosis. Although Yashunsky et al.
showed how SPR can respond to the formation of endocytic vesicles in cells
[52, 54], no studies exist that investigate pharmaceutical NP uptake with labelfree methods. Therefore, we studied several different NP formulations against
HeLa (publication I), HT-29 (publication II), and PC-3 cells (publication III).
The NPs studied included plain mesoporous silica NPs (P-SiNPs),
polyethylene glycol-polyethylenimine (PEG–PEI) copolymer coated SiNPs (CSiNPs), branched PEI–DNA polyplexes (bPEI–DNA PPs), PLGA NPs without
additional coating and with chitosan (CS), wheat germ agglutinin (WGA) and
GE11 peptide functionalization, as well as red blood cell- (RBC) and platelet(PLT) derived EVs.
While the particle size is the main determinant of how effectively NP are
internalized to cells, surface charge also strongly alters NP properties and the
uptake efficacy [135]. The P-SiNPs and C-SiNPs are very close in their particle
size but have different surface charges. It is widely accepted that cells
internalize cationic NPs more efficiently [15] and this can be seen in the SPR
responses as a stronger signal for the cationic C-SiNPs compared to the anionic
P-SiNPs (publication I). With PLGA NPs, the CS coating changes the surface
charge of the NPs from anionic to strongly cationic, which, just like with SiNPs,
improves cellular uptake (publication II). The SPR responses align well with
the changes in the NP surface charge. Increase in the SiNP ζ-potential from
−24 mV to +9 mV led to a 25 millidegree increase in the SPR response, whereas
with the PLGA NPs, the CS functionalization increased the ζ-potential from
−37 mV to +33 mV, resulting in a 150 millidegree increase in SPR response,
i.e. a six times stronger increase in SPR response.
Of course, ζ-potential is not solely responsible for this difference in the SPR
signal increase magnitude, as the CS coating of PLGA NPs also promotes the
mucoadhesive properties of the NPs, leading to increased NP adhesion to the
mucus-secreting HT-29 cells. The PLGA NPs were also coated with WGA and
GE11 (publication II). WGA is a lectin that recognizes N-acetyl-D-glucosamine
and sialic acid, whereas GE11 is a peptide targeting the EGFR. HT-29 cells
exhibit N-acetyl-D-glucosamine and sialic acid and overexpress EGFR [141,
142]. WGA and GE11 therefore promote cellular uptake by active targeting in
these cells. The targeting capability and consequently the improved uptake
efficacy is seen in the SPR responses: The AUC of the SPR responses for the
actively targeted PLGA NPs show higher values than the passively targeted or
non-functionalized NPs.
Label-free monitoring of endocytosis was also demonstrated with EVs
(publications I and III). Results show that SPR responses are clearly EV
concentration-dependent (publications I and III). Also, even though EVs
exhibit anionic surface charge, they are still effectively internalized by cells,
much like the negatively charged but actively targeted PLGA NPs. This
suggests that the EVs have intrinsic targeting properties to PC-3 and HeLa
cells. An indication of active targeting was also observed with EVs of different





origin: PLT EVs showed stronger and more concentration-dependent SPR
responses with PC-3 cells compared to RBC EVs (publication III). The RBC
and PLT EVs differ in their lipid and protein composition, as well as to a small
extent in particle size and ζ-potential, and these differences can be expected to
contribute to the efficacy of the EV uptake. Additionally, RBC EV uptake to
different target cells showed drastic differences. The rate constant of the SPR
response to RBC EVs with HeLa cells was 0.17 min−1 and only 0.08 min−1 with
PC-3 cells (publications I and III). Taken together, these results indicate that
whether it is the origin of EVs or the target cells internalizing them, both of
these factors contribute to the NP uptake and SPR can be used to measure
these differences in the uptake efficacy.
SPR’s ability to measure the uptake mechanism was demonstrated by
plotting the response rate constants of SiNP uptake to HeLa cells at different
temperatures (publication I). A clear shift in the activation energy for
endocytosis was observed to occur at around 20 °C. This implies that the phase
transition temperature of HeLa cell plasma membrane takes place at around
this temperature. This type of temperature-dependent change in activation
energy has been reported to occur with active endocytosis [52], suggesting that
SiNPs enter cells via an active process, such as clathrin-mediated endocytosis.
Furthermore, while with the bPEI–DNA PPs the activation energy remained
constant at temperatures between 20−37 °C, no SPR response was observed
for SiNPs when the temperature was raised above 24 °C. This can be due to the
SiNPs perhaps entering cells via energy-independent mechanisms at higher
temperatures because of their small size (∼ 50 nm) [16]. In this case, the loss
of SPR signal can be attributed to a lack of cellular activity. On a sensor fully
occupied by cells, the passive NP cell entry takes place predominantly at the
cell membrane away from the sensor surface, without initiating any active
cellular uptake processes. Because SPR measures mass changes occurring
within the evanescent field, i.e. at the bottom part of the cells, no signal can be
obtained. This is unlike during active endocytosis when a number of cellular
processes take place, including actin recruitment [143]. Remodeling of actin
cytoskeleton is known to induce SPR responses [93, 128]. These observations
demonstrate how SPR could be used for monitoring endocytosis pathway
mechanisms in cells.
Another interesting response comparison can be made with the EV uptake
into different target cells (publication I and III). EV uptake into HeLa cells
resulted in very reproducible SPR responses across repeated experiments
(publication I), whereas with PC-3 cells, a large variation in SPR responses was
observed (publication III). Even though both cell lines were immobilized on
fibronectin-coated sensors, the target cell properties clearly have an impact on
the measured SPR responses. While HeLa cells exhibited a very robust and
consistent adherence throughout the SPR experiments, the PC-3 cells on the
other hand, had somewhat more tendency to detach. This might explain the
observed signal variation between separate experiments when using EVs from
the same origin at matching concentrations. However as only those
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experiments in which PC-3 cells remained fully confluent were qualified for
signal analysis, nature of cell attachment likely plays a crucial role. It is known
that label-free responses are determined by the cell membrane proximity to
the sensor surface [103], and this could in part explain the more inconsistent
SPR responses with the less tightly attached PC-3 cells. This also highlights the
distinction between sufficient cell attachment and the nature of cell–substrate
contact: even when fibronectin guarantees sufficient cell adhesion for both
HeLa and PC-3 cells, it does not necessarily mean that these two cell lines form
a similar contact to the sensor. Therefore, proper cell immobilization on the
sensor surfaces and the quality and reproducibility of label-free responses
need to be assessed separately.
When observing responses during EV and NP endocytosis, the SPR results
were corroborated by using more traditional assay methods, mostly confocal
imaging. It is worth pointing out the timescale differences between these
methods. With SPR, notable signals are recorded within 10 minutes after cells
are exposed to NPs and EVs. With confocal imaging, however, endocytosis is
commonly observed after several hours of exposure, even though NPs and EVs
can be expected to interact with cell plasma membrane and enter cells within
the same timescale. While labeling of the NPs and EVs could have some impact
on the endocytosis kinetics, the differences are more likely to arise from the
response being measured. Confocal imaging detects cumulative signals from
numerous labeled particles and the sensitivity may not be enough to conclude
endocytosis until at later timepoints when more particles are present within
cells. SPR works essentially in an opposite manner, detecting events occurring
at the cell membrane. After NPs or EVs have traveled deeper into the cell, no
SPR signal can be expected anymore. In other words, SPR is most sensitive
towards the early endocytosis events, whereas confocal imaging requires some
degree of accumulation of the labeled particles to endocytic vesicles and
translocation to the inner cell compartment.
While the previously described studies are among the first to measure NP
and EV uptake with a label-free method, detecting cell membrane receptormediated intracellular signaling has established itself as a key research area
with label-free methods. Evanescent field-based methods are highly sensitive
to RI changes, allowing them to detect very small mass alterations that
originate from mass movements within cells, such as changes in cell
morphology or even intracellular mass movements [51, 75, 82, 89, 93, 95, 101,
116, 140, 144, 145]. It is this mass sensing property that makes these real-time
label-free cell-based assays inherently different from traditional functional
cell-based assays: all cell events are monitored instead of just a single specific
predetermined cellular response. This means that there is no need for prior
knowledge about the target receptor, the properties of the active compound,
or the cellular functions that will take place. Also, even a low receptor number
in cells natively expressing the receptor is enough to elicit a detectable signal.
GPCR signaling is well studied and known to initiate spatial [120] and





temporal [146] changes in cells. In addition to NPs, we investigated GPCR
signaling in different cells with SPR (publication IV).
Bradykinin stimulation of A431 cells activates the bradykinin B2 receptor,
which couples to the Gq-subclass of the G protein. Gq activation initiates
signaling cascade by stimulating phosphoinositide hydrolysis, resulting in a
rapid activation of protein kinase C (PKC) and induces IP3 production, which
in turn promotes intracellular calcium release. Epinephrine stimulation of
A431 cells activates β2-adrenoceptors (β2AR) leading to Gs-subclass-mediated
activation of adenylyl cyclase (AC) in the plasma membrane and consequently
to an increased accumulation of the second messenger cAMP, which, in turn,
activates protein kinase A (PKA). Histamine H1-receptor activation in HeLa
cells leads to the Gq-subclass-mediated pathway, while the H3-receptor,
transfected to CHO-K1 cells, signal via the Gi-subclass-mediated pathway. The
Gi signaling pathway also affects AC and cAMP but unlike the Gs pathway, Gi
activation inhibits these signal transducers. The signaling pathways were
previously considered to be controlled solely by the Gα subunit of the
heterotrimeric G protein and that each receptor was strictly confined to a
single G protein subclass. It is now clear, however, that the signaling dynamics
are much more complicated than that. For example, the Gβγ subunit and βarrestins are now considered to play significant roles in the signaling processes
and GPCRs have the ability to mediate signaling via multiple pathways
according to the ligand properties [37]. As the holistic nature of SPR detection
provides the sensitivity to detect the versatile GPCR signaling pathways in
native cells irrespective of the G protein coupling, it has great potential for indepth analysis of GPCRs and their ligands. More detailed characterization and
separation of SPR responses and the signal profiles would be invaluable in
pursuit of this goal.
The challenge in living cell-based label-free methods still lies strongly
within the label-free signal interpretation. The primary, and often only signal
output with SPR, and with other optical methods based on the evanescent
wave phenomenon, measures the RI of the sample layer within the evanescent
field. The RI is influenced by a number of different variables, some of which
originate from within the cells and are the responses of interest, but many can
be external interferences. Evanescent wave-based label-free devices operate in
different configurations. For example, common RWG-based system setups
illuminate sensor surfaces with a broadband light, and the wavelength of the
reflected light then indicates the resonant coupling conditions and hence the
RI. SPR methods, in turn, are often based on scanning a range of incident
angles, or intensity of reflected light at a fixed angle, and RI is translated into
the coupling angle or the intensity of the reflected light. The studies included
in this thesis were conducted using an SPR device that can operate in two
modes: fixed angle or angular scan mode. While both give information on the
changes of the angular position of the SPR peak, the angular scan is not limited
only to this. Because in angular scan mode a range of incident angles is
measured continuously, other changes occurring within the sample layer that
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do not necessarily contribute to the RI within the evanescent field, can still
promote signal alterations in other parts of the full SPR angular spectrum. The
pioneering work to utilize more than a single parameter in cell-based SPR
signal analysis was conducted by Yashunsky et al. They used FTIR-SPR with
wavelength interrogation, and showed that in addition to the main SPR
response, different cell monolayer properties also induce changes within the
SPR main peak intensity and within the separate area of the SPR spectra,
essentially corresponding to the TIR area of the angular scanning SPR [80,
82]. Later, these same signal attributes were also shown to be sensitive to
different drug permeation routes in MDCK II cells [78]. However, changes
other than peak angular position are largely unexplored in the context of
pharmaceutical label-free applications.
To this end, several strategies were implemented to promote more
meaningful interpretations of the cell-based SPR responses. We extracted nine
parameters from the SPR full angular curves and examined the timedependent changes of each parameter in response to the agonist-stimulated
GPCRs. It was revealed that in addition to peak angular change, many other
parameters showed characteristic response profiles depending on the
signaling pathway. The used receptor types were selected according to their
known G protein coupling to investigate signaling pathways associated with
Gq, Gs and Gi-subclasses of G proteins (publication IV). We first observed the
SPR response profiles using the peak angular parameter to confirm that the
results are in line with those reported in the literature for these same
pathways. However, because most of the results in the literature are measured
using the RWG system, we also compared and correlated the SPR peak angular
response profile for the Gq signaling pathway by measuring bradykininstimulated A431 cells with RWG and SPR in parallel. We then identified that
the intensity of the SPR main peak showed the most diverse time-resolved
pathway-dependent signal characteristics and that separation of Gq, Gs and Gi
signaling could be achieved by combining the intensity and angular responses
together into two-parameter SPR response profiles. This was a clear
improvement over previous label-free analyses, in which direct observation of
a single time-dependent parameter could identify only Gs signaling from the
other pathways. These results showed how the high information content of the
SPR can be utilized for an improved data analysis on the receptor signaling
pathways and could expand the usability of label-free methods in drug
discovery applications and in membrane receptor research.
While the SPR responses for receptor-mediated intracellular signaling lead
to well-defined and highly reproducible signal profiles, NP uptake-induced
responses are less reproducible and do not show as well-defined response
profiles. It is also worth noting that the time courses of SPR responses during
GPCR activation and NP uptake are quite different. While responses are nearly
instantaneous and reach a new stable baseline signal usually within 10−15 min
with cell signaling (publication IV), SPR responses for NP uptake are at that
point still in their early stages and can continue for more than 100 min before





slowly settling to a new stable baseline (publication II). This is very well in line
with the fact that GPCR signaling is a very rapid sequence of events occurring
immediately after receptor activation [146], whereas endocytosis is a much
more prolonged process [14, 56, 147]. This means that the challenges in the
SPR signal interpretation are also different.
As described earlier, the RBC EV uptake by PC-3 cells showed large
variation in SPR responses across different experiments, possibly due to a
difference in the number of cells on sensors and the inconsistent adherence of
PC-3 cells (publication III). To alleviate this discrepancy, we utilized the two
laser wavelengths of the SPR device. The penetration depth of the evanescent
SPW depends on the wavelength of the coupling light and for the 668 and 783
nm lasers used, detection depths reach around 300 nm and close to 400 nm,
respectively. By subtracting the SPR responses measured at these two
wavelengths from each other, an SPR signal reflecting the response differences
at different sensing depths is obtained. This SPR signal was referred to as the
differential SPR response and resulted practically in the complete elimination
of the observed response discrepancy in PC-3 cells. With PLGA NPs, another
analysis approach was proven effective (publication II). The raw SPR signals
for all PLGA NP formulations showed that the peak angular responses
decreased below the baseline. Also, responses for different formulations did
not show a clear trend that would have separated them apart, and the results
were not consistent with the result obtained using other concurrent methods.
However, by removing the contribution of the TIR area angle shift to the SPR
peak position, SPR responses for PLGA NPs aligned well with the results
measured using other methods, showing a clear increase in the AUC of the SPR
responses for the functionalized PLGA NPs.
It is not entirely clear what causes these SPR response inconsistencies and
why they can be mitigated by using differential wavelength analysis or TIR
subtraction. However, it can be speculated that the differential wavelength
analysis removes some types of variables of cellular origin, whether it is the
number of cells or variation in the plasma membrane distance from the sensor.
The TIR analysis, on the other hand, corrects a signal variation originating
from the sample properties. Indeed, the PLGA samples were diluted from an
aqueous stock solution, resulting in samples with a lower RI compared to the
cell nutrient solution used as an assay buffer in the SPR experiments. A
decrease in the assay buffer RI causes the SPR peak angle and the angle of the
TIR area to show decline in their responses, and therefore by removing the
TIR response from the SPR angle response, this RI shift can be abolished.
However, this leaves some room for speculation as to how much the assay
buffer RI difference can affect the SPR peak angle position when the sensor is
fully covered by cells. While the TIR area is sensitive to the area beyond the
evanescent field, and can therefore be influenced by the sample buffer
composition even when cells are occupying the sensor, the SPR peak angle
should not be influenced this way [148]. The SPR peak angle decline might
therefore originate solely from cellular responses as cells react to the sample
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or to the change in the osmolarity of the assay buffer. The TIR response,
however, could include these cell responses as well as the effect of the assay
buffer RI.
These examples of different ways to analyze real-time label-free responses
demonstrate how the high information content of the SPR can be used in
different ways to “clean” the holistic signal responses from the outside
interfering contributors. So far, only responses directly associated with RI
changes within the evanescent field have been included in the analysis of cellbased label-free responses in pharmaceutical applications. Living cells
respond in a highly complicated manner to outside stimuli – whether receptor
activation or NP endocytosis – and other attributes of the SPR full angular
spectrum hold much more information beyond the RI change. These
additional label-free parameters are well worth the effort to investigate for
their potential to provide a more detailed view of cellular responses.
In addition to the depicted signal analysis methods, there are a few other
benefits in the SPR method used worth mentioning. For example, RWG is a
well plate-based method and therefore normally only allows measurements in
a static environment, whereas in our studies cells are under a constant liquid
perfusion. This is favorable for several reasons: (1) cells reside normally in a
dynamic environment, thus bringing SPR measurements closer to in vivo
conditions, (2) SPR signals are measured throughout the sample addition
ensuring that even fast-occurring cell responses are measured, (3) subsequent
sample injections are possible, allowing for more complex label-free assay
designs, and (4) label-free signals originating from membrane receptor
activation have been shown to be sensitive to shear stress effect from liquid
perfusion [74]. We also altered the SPR device to include two fluidic channels
for parallel measurement of two samples simultaneously on a single cell sensor
(section 9.3, Figure 8). We utilized this possibility to separate label-free
responses caused by sample compounds from those caused by a plain assay
buffer without the sample. The additional results presented in this thesis
demonstrate how sample injection of a plain assay buffer solution itself can
cause cellular responses that are unrelated to the sample (section 9.3, Figure
9). This type of non-specific cell responses could then be eliminated with the
help of a simultaneous reference sample given to the second channel. The twochannel setup would also have been useful during the PLGA NP study
(publication II) where the sample solution-induced bulk RI changes could
have been compensated for by using a reference channel instead of correcting
the SPR responses by utilizing the changes in the TIR angle. In this way,
further indication on the origins of the TIR responses could have been
obtained. However, the two-channel setup was not developed until the last
study (publication IV) in this thesis. Before this (publications I−III), a singlechannel setup was the only option for cellular measurements because the other
available two-channel designs housed too shallow channel depth and caused
the cell layers to peel off the senor due to the high shear stress on the sensor
surface caused by the liquid perfusion. Thus, in the future the reference





channel could be used to directly correct the SPR responses caused by the
sample solute or as a validation to corroborate whether TIR correction can be
used as an internal reference for each experiment or even for each individual
sample.
As is evident, a multitude of contributors inflict changes to label-free
signals and dramatic differences in SPR responses to cell signaling were also
observed when the buffer composition and the temperature were altered
(section 9.1, Figure 6 and section 9.2, Figure 7). The additional results included
in this thesis reveal that SPR signals show a much lower amplitude when cells
are measured in iso-osmotic salt solution as opposed to cell nutrient solution.
Temperature had an even more dramatic effect. Lowering the temperature
from 37 °C to 22 °C slowed down the SPR response and reduced the amplitude
for the Gq-mediated GPCR signaling. What was even more striking is that the
SPR signal profile itself was altered. At 37 °C, the Gq signaling shows an
immediate and direct SPR signal increase whereas at 22 °C, the signal profile
is switched to a triphasic response with an additional signal plateau during the
early stages of the response. Alterations to signal profiles can have significant
implications for result interpretation, as the identification of the cell signaling
pathways with label-free methods rely heavily on analyzing the shapes of the
time-dependent signal profiles [66, 122, 124]. These observations give
additional examples on how cell-based label-free methods are sensitive to all
kinds of assay conditions and understanding and controlling all aspects that
may influence the label-free signals is imperative. This also underlines the
uncertainty of using simply the time-resolved signal profile analysis of a single
label-free parameter alone when interpreting label-free responses, and the
need for more advanced signal analysis methods.
It is also good to keep in mind that the cell-based experiments conducted
with the SPR, as well as with other label-free methods, are what could be
referred to as a “black box” approach. This means that when an input is given
(cell stimulus) and an output is received (label-free response), the processes
that lead to the signal output cannot be known. Despite this, the use of cellbased label-free assays in receptor studies has become more common, and as,
for example, more advanced data-analysis methods will be implemented, their
use in the future could expand to other research areas as well. However, due
to their lack of specificity they will probably never completely replace the more
traditional cellular assay methods. Traditional functional cell assays have the
advantage of providing precise information on predefined cellular events and
have a long history in research applications, which have greatly advanced our
knowledge on receptors, small molecular drugs, nanoparticles, general cell
biology, and more. While it is likely that label-free methods will find a use in
more applications, they will always be limited in their specificity, and therefore
the need to investigate cells concurrently with other methods that provide
more precise information will likely remain.
Nevertheless, the signal analysis methods presented in this thesis
demonstrate how the full information content of cell-based SPR
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measurements is still underexploited. We have shown that by going beyond a
simple detection of the RI change within the evanescent field to also include
data from different laser wavelengths (publication III), peak angle intensity
(publication IV), and TIR angle (publication II) provides additional
information on cell responses. This leads to more meaningful results in
situations where label-free responses would have otherwise remained unclear.
However, the analysis methods used here are still fairly simple and
straightforward. As already mentioned, there are at least a total of nine
different label-free parameters available from the full SPR angular spectra
(publication IV). Exploring the possible additional information content buried
in all the changes taking place in different parts of full SPR spectra in a more
systematic manner would be the next logical step forward. Nowadays, there
are great advances made in large dataset analyses. The modern machine
learning analysis tools and artificial intelligence-based programs could be well
suited for identifying the critical signal contributors from the vast amount of
measured label-free data collected by the angular scanning SPR.
As discussed, label-free methods in pharmaceutical applications have quite
narrowly focused mostly on transmembrane receptors. While some studies do
also explore, for example, ion-channels [98, 132], other targets and
applications such as research on nanoparticles have been nonexistent. Here
we show how NP research is feasible with cell-based SPR. However, a plethora
of other unexplored targets and cellular processes still exist, and we envision
that at least some of these could be studied using label-free methods. For
example, many drugs are substrates for different cell membrane transporters,
such as ATP-binding cassette transporters, which are associated with
multidrug resistance [149]. Label-free methods could offer detailed real-time
cell-based functional information on different transporters and drug
interactions.
Also, even though only immortalized cell lines were used in the studies
included in this thesis, primary cells have also been used in label-free cellbased assays [79, 122, 123, 140]. Assays with primary cells would ensure even
closer label-free assay correlation to in vivo. Finally, additional improvements
to the SPR technology itself could bring further benefits. We exploited two
simultaneous laser wavelengths and showed the benefit of measuring cells at
different penetration depths simultaneously. Fine-tuning the detection depth
and/or adding more lasers could expand the SPR usability even further.






This thesis investigates the use of SPR as a cell-based method in the context of
pharmaceutical applications. The main conclusions can be summarized as
follows:
1. SPR responses showed good correlation with NP and EV efficacy to
enter cells. Information on the uptake kinetics were obtained and
uptake efficacy could be determined according to NP functionalization,
EV origin, EV concentration, and the target cell type.
2. Initially, SPR signals for NP and EV uptake showed inconsistent or
otherwise hard to interpret results. Three different analysis methods
resulted in meaningful SPR responses: (1) observing the response
difference at different penetration depths using two laser wavelengths
corrected for the response variation between separate experiments, (2)
subtracting the contribution of the TIR angle response allowed
distinguishing the effect of the sample solution on the SPR responses
and (3) SPR measurements at different temperatures gave an indication
of the cell uptake mechanisms.
3. Time-dependent single parameter SPR responses exhibited signal
profiles that were in line with those measured using other label-free
methods. Analysis of eight additional label-free parameters showed that
many of them exhibited characteristic response profiles for different G
protein signaling pathways and that GPCR coupling to Gq-, Gs- and Gisubclasses was separated using a two-parameter signal analysis.
4. Assay conditions can have a profound effect on the observed SPR
signals. For relevant and consistent SPR responses, the following
measurement conditions need to be maintained: a stable controlled
temperature at 37 °C and a cell nutrient mixture as the assay solution.
Taken together, it can be concluded that real-time label-free measurements
hold a vast amount of information that can provide relevant knowledge on
living cell responses. Also, while SPR and other label-free methods have
already been utilized in cell-based assays, their wider adoption may have been
held back partly due to the holistic, and therefore hard to interpret, nature of
their label-free responses. Therefore, to make cell-based label-free
measurements more attractive, issues with signal interpretation need to be
solved. Finally, more focus should be directed towards the added value of the
high information content that these methods bring. Both these goals could be
achieved by implementing more advanced signal analysis methods.
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