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Multifunctional Fluorocarbon-conjugated Nano-
particles of Varied Morphologies to Enhance Diagnostic 
Effects in Breast Cancer

Abstract
                         

A multifunctional trastuzumab-nanoparticle-fluorocarbon system was developed to maximize the 
diagnostic effects in human epidermal growth factor receptor 2 (HER2)-positive breast cancer. The 
mesoporous silica nanoparticle shape (e.g. amorphous, spherical, and tubular) was altered to optimize 
the ultrasound contrast potential. Fluorocarbon conjugated mesoporous silica nanoparticles produced 
higher mean pixel intensities. At lower non-toxic concentrations, tubular shaped nanoparticles 
produced a higher mean pixel intensity compared to amorphous and spherical particles. All systems 
displayed a clear binding preference towards HER2-positive breast cancer cells. Increased incubation 
times and conjugation of fluorocarbon to mesoporous nanoparticles increased binding preference 
to HER2-positive breast cancer cells. The highest binding affinity was seen with tubular shaped 
nanoparticles as compared to amorphous and spherical particles. The trastuzumab-nanoparticle-
fluorocarbon system of each morphology displayed functionality of enhancing contrast in ultrasound.
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Introduction

Breast cancer continues to be the most prevalent 
carcinoma amongst women in the United States, 
affecting over one million women each year [1]. 
Approximately 20% of these breast cancers possess 
amplified and/or overexpression of human epidermal 
growth factor receptor 2 (HER2) indicating a highly 
aggressive tumor [2, 3]. For these patients, the 
standard of care includes the administration of the drug 
trastuzumab (Herceptin, Hoffmann-La Roche, Basel, 
Switzerland), an anti-HER2 monoclonal antibody that 

targets the HER2 transmembrane receptor leading to 
cancer cell death [4]. Although this drug represents a 
significant breakthrough in the treatment of resistant 
breast cancers, there lacks a reliable and cost-effective 
method to track the efficacy and progression of the 
treatment. Earlier and more sensitive assessment of 
trastuzumab effects on HER2 positive (HER2+) breast 
cancer can avoid overtreatment and unnecessary costs. 

Ultrasound is an extremely appealing imaging 
technique for the non-invasive assessment of anti-cancer 
therapy [5, 6]. Ultrasound is cost-effective, has a high 
safety profile, and has the ability to provide real-time 



53Nano Biomed. Eng., 2021, Vol. 13, Iss. 1

http://www.nanobe.org

images that can be easily implemented into outpatient 
clinic visits [7, 8].  However, ultrasound has been known 
to have several limitations, such as image distortion, 
low resolution and low contrast, making it somewhat 
unreliable for detecting exceedingly small cancers and 
cancer treatment progression [8, 9]. These limitations 
could potentially be alleviated by increasing the contrast 
of the targeted tissue [10]. For this reason, researchers 
have turned to targeted drug therapy combined with 
some form of contrast enhancement in order to track the 
progression of tumor contraction [11, 12].

Researchers have begun utilizing mesoporous silica 
nanoparticles (MSN) due to their echogenic nature and 
ability to enhance the diagnostic capacity of ultrasound 
in disparate cancers [13, 14]. Furthermore, MSNs have 
a longer duration within circulation and are readily 
functionalizable allowing for the conjugation of various 
moieties [15, 16]. In our previous work MSNs were 
functionalized with trastuzumab in order to provide a 
combined therapeutic and diagnostic agent for breast 
cancer treatment. The hybrid trastuzumab-MSN 
conjugates produced increased contrast ultrasound 
images with aggregation of the contrast around the 
HER2+ cancer cells [13]. However this work relied 
solely on the echogenic properties of the MSNs. In this 
work we propose the conjugation of a fluorocarbon 
(FC) to the surface of each MSN in order to further 
enhance the echogenicity and subsequent clinical 
potential. FCs have long been used as a reliable and 

stable ultrasound contrast agent and thus may provide a 
simple addition to increase the ultrasound sensitivity of 
the trastuzumab-MSN conjugates [17]. It has also been 
shown that the morphology of the nanoparticles can 
markedly alter their echogenicity [18, 19]. Although 
previously investigated tubular MSN have proven to 
increase therapeutic and diagnostic effects in breast 
cancer cells, alternative morphologies may produce 
greater results [20]. By comparing various MSN 
shapes (e.g. amorphous, spherical, and tubular) along 
with the conjugation of a FC, we hope to optimize both 
the delivery of trastuzumab and ultrasound contrast, 
while maximizing the diagnostic effects.

In this work, we propose a trastuzumab-MSN-
FC system that an improved diagnostic approach 
to HER2+ breast cancer. To accomplish this, we 
synthesized a previously described multifunctional, 
hybrid polymer-nanoparticle system using MSN, 
polyethylene glycol (PEG), and perfluorocarbon (Fig. 
1). Fourier transform infrared spectroscopy (FT-IR) 
was used to confirm the successful conjugation of 
each component. Next each system was analyzed for 
increased ultrasound and compared to one another 
through mean pixel intensity (MPI). Finally, each 
system was conjugated to trastuzumab and exposed to 
HER2+ expressing breast cancer cells. Through this 
experiment we wished to analyze how the conjugation 
of FC as well as MSN shape would affect uptake of 
therapeutic moieties. 

Fig. 1 Schematic of proposed mechanism of action of designed nanoparticle system. Mesoporous silica nanoparticles were conjugated 
with both trastuzumab and fluorocarbon to increase specificity of HER2 binding and ultrasound contrast respectively.
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Experimental

Detailed experimental methods are provided in 
the Supplementary Information (SI) Materials and 
Methods.

Ultrasound apparatus 

Single-pulse ultrasound measurements were 
obtained using Non-Destructive Testing (NDT) with 
a frequency of 6.6 MHz at a depth of 2.5 cm. (GE-
Panametric). All transducers were Accuscan type S 
immersion transducers with point target focus (PTF). 
Receiver signal was acquired on an Inniium 8000 High 
Performance Oscilloscope (Agilent Technologies).

Quantifying pixel intensity

The main purpose of the ultrasound assay was to 
quantify the average pixel intensity for each of the 
synthesized nanoparticles, with and without the FC 
conjugation. The MSN of varying concentrations (0, 
0.5, 1, 2, and 5 mg/mL) were dispersed in 5 mL PBS. 
Each solution was sonicated for 10 minutes followed 
by placing the samples within dialysis tubing (Spectra/
Por 4, 25 mm, MWCO 12000-14000). Immediately 
following the addition of the samples, the dialysis 
tubings were then placed in a PBS bath on top of an 
agar gel. Agar served as a tissue-mimicking phantom 
and also served to reduce extraneous noise emitted 
into the dialysis tubing. The agar gels were made by 
autoclaving 3% agar in dH2O at 250 °C for 30 minutes. 
The liquid agar was then poured in plastic containers 
and allowed to cool, forming a gel. Ultrasound images 
were taken at room temperature. Three images were 
taken of each sample at each concentration and were 
analyzed using Image J to discover the mean pixel 
intensity. Each image was 150 x 100 pixel squares with 
an area of 150,000.

Cell preparation

HER2+ cells were prepared in a solution of DMEM 
F12 media with 10% fetal bovine serum (FBS) and 
1% penicillin/streptomyocin. All cell assays were 
completed in triplicate. HER2+ cells were seeded at a 
density of 50,000 cells/well in 24 well plates.

Fluorescent microscopy 

Six experimental samples were tested: Amorphous-
Herceptin, Sphere-Herceptin, Tubular-Herceptin, 
Amorphous-FC-Herceptin, Sphere-FC-Herceptin and 
Tubular-FC-Herceptin. All samples were analyzed 
at a concentration of 25 µg nanoparticles/well for 30 

minute and 2 hour incubation periods. Following the 
end of the incubation period, all samples were fixed 
using 10% Neutral Buffered Formalin (NBF) for 15 
minutes at room temperature, washed using PBS and 
stained with DAPI (Hoechst, 1:2000) for 10 minutes. 
Samples were imaged using a confocal microscope. 

Zeta-sizer

Six experimental samples were tested: Amorphous-
Herceptin, Sphere-Herceptin, Tubular-Herceptin, and 
all unconjugated counterparts. Samples were dispersed 
in water and analyzed using a Zeta-sizer. 

Statsitics

To analyze the zeta-sizer data for statistical 
significance a Kruskal-Wallis test was performed using 
GraphPad Prism 8.1.2. 

Results and Discussion

Our goal in this work was the development of a 
nanoparticle system capable of increasing diagnostic 
imaging in breast  cancer applications.  In the 
subsequent sections we will discuss MSN synthesis 
and modification, utility as an ultrasound contrast 
agent, and the effects of trastuzumab conjugation on 
this system.

Nanoparticle synthesis and characterization

We began with the synthesis and characterization 
of the nanoparticle system. First  MSNs were 
constructed to possess three different morphologies 
(e.g. amorphous, spherical, and tubular) as described 
in the methods section.  Initial analysis of these MSN 
particles showed aggregation and decreased solubility, 
making them unsuitable as an injectable system [21]. 
For this reason PEG, a highly hydrophilic polymer, was 
conjugated to the surface of the MSNs to improve the 
dispersion of the nanoparticles (Fig. S1). Furthermore, 
the pegylation of the nanoparticles provided the 
additional benefit of preventing biomolecule adsorption 
onto the nanoparticle surface which can significantly 
change the characteristics of the nanoparticle [22, 
23].  Pegylation works to prevent the formation of 
this protein layer and thus can preserve the integrity 
of the nanoparticle and prevent early clearance from 
circulation [23]. Next the pegylated MSNs were 
conjugated with FC to increase the ultrasound contrast 
of the nanoparticle. Typically nanoscale agents, such 
as MSNs, possess a relatively low ultrasound contrast 
performance. For this reason, higher doses of nanoscale 
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contrast agents are required to obtain significant 
ultrasound enhancement, which can increase the risk of 
potential toxicity [24]. In order to decrease the required 
dose of MSNs while still achieving high diagnostic 
value, FCs, known to enhance imaging contrast, were 
conjugated to the surface of the nanoparticles.  Next 
we attached the antibody trastuzumab to the MSN 
surface to provoke targeting of the MSN-FC system 
to HER2+ cancer cells. Trastuzumab was selected 
for this study as it has been shown to have significant 
clinical efficacy against HER2+ breast cancers, thereby 
providing a reliable moiety for MSN-FC conjugation 
[25].  

The spectra after pegylation and FC conjugation 
can be viewed in Fig. 2. Each modification of the 
MSN was confirmed using FT-IR. The FT-IR spectrum 
of MSN alone was used as a baseline to confirm the 
subsequent conjugation of various moieties through 
the appearance of the appropriate peaks. Through 
the FT-IR spectra of solely MSNs shown in Fig. 2, 
we can see a peak at 1079-1088 cm-1 indicating the 
vibrations of Si-O-Si present within MSNs [26]. The 
second FT-IR spectrum shown in Fig. 2 (MSN-PEG-
HDI) was performed to show the successful pegylation 
of the MSNs; however, the peak intensities of the 
MSNs prove to be significantly higher than that of 

PEG causing dominance of the MSN spectra that was 
seen [27]. Conjugation of PEG would typically be 
seen through the presence of hydroxyl groups in the 
region around 3378 cm-1 and C-O stretching seen in the 
regions 1362 and 1287 cm-1 [28]. We confirmed the 
successful conjugation of FC to the MSNs by viewing 
the regions 1050-1132 cm-1, corresponding to C-F 
stretching [29] (Fig. 2). 

It is well known that nanoparticle shape can 
have various effects on both the therapeutic and 
diagnostic potential of a system. Therapeutically, 
it has been reported that tubular or particles with a 
longer edge have a higher cellular uptake as compared 
with spherical or cuboidal counterparts [30-33]. 
Furthermore, tubular nanoparticles have been shown 
to increase systemic circulation time as compared to 
nanospheres [31]. Diagnostically, however; the size 
and shape of MSNs has yet to be optimized to enhance 
echogenicity [34, 35, 13]. In order to investigate how 
the size and shape of MSNs affects the nanoparticle’s 
therapeutic and diagnostic capabilities, we first needed 
to synthesize and confirm each appropriate shape of 
nanoparticle (amorphous, spherical, and tubular). 
Transmission and scanning electron microscopy 
(TEM and SEM respectively) were used to investigate 
the morphology and shape of the MSNs and size 

Fig. 2  Fourier transform infrared (FT-IR) spectroscopy was used to confirm the successful conjugation of each moiety to the surface 
of the MSNs. Peak A showing Si-O-Si vibrations at 1079-1088 cm-1. Peak B showing FC stretching at 1050-1132 cm-1. Peak C 
showing hydroxyl group vibrations at 3378 cm-1.
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distribution was determined through Zeta-Potential. 
Images of amorphous, spherical, and tubular shaped 
nanoparticles are displayed in Fig. 3.  Fig. 3(a) and 3D 
show successful synthesis of amorphous nanoparticles 
with various sizes. Fig. 3(d) specifically reveals a 
much larger agglomerate of greater than 10 um. Fig. 
3(b) and 3(e) depict successful synthesis of spherical 
nanoparticles ranging in 1-2 microns in diameter with 
good porosity, as indicated by the porous membrane. 
The SEM image (Fig. 3(e)) of the synthesized spherical 
nanoparticles displays some disparity in size of each 
particle. The tubular shaped nanoparticles can be seen 
in Fig. 3(c) and (f). Fig. 3 displays the average size, 
standard deviation, and polydispersity index (PDI) 
of each nanoparticle with and without Herceptin 
conjugation. Amorphous nanoparticles showed the 
largest PDI (0.78), followed by Herceptin conjugated 
amorphous nanoparticle (0.12). The wide range in size 
of unconjugated amorphous MSN may be due from the 
lack of definitive shape and possible clumping of the 
particles when recording. Spherical nanoparticles and 
Herceptin conjugated tubular nanoparticles showed 
PDIs of 0.09 and 0.08 respectively. Finally, tubular 
nanoparticles and Herceptin conjugated spherical 
nanoparticles showed the smallest PDI at 0.03. 

Ultrasound Imaging

Following SEM/TEM analysis, we investigated 

the three different MSN shapes (e.g. amorphous, 
spherical, and tubular) and their ability to serve as an 
ultrasound contrast agent. Subsequently, each particle 
shape was analyzed as an ultrasound contrast agent 
once conjugated with FC. Three images were obtained 
for each sample prepared and the mean pixel intensity 
(MPI) was obtained in ImageJ. The averaged MPI of 
the ultrasound images was then plotted (Fig. 4 and 
5). MPI provides a global measure by averaging the 
pixel intensities across the image. On the other hand, 
integrated pixel intensity provides a sum of all pixels 
(each with its own intensity) in an image. Therefore, 
higher integrated pixel intensity can indicate a higher 
fluorescence per pixel or a lower fluorescence over a 
larger area. MPI was selected as the measure in this 
study as it is not affected by contrast concentration 
and provides a more standardized measure of contrast 
intensity. As shown in Fig. 4, there were differences 
in the MPI between the various shapes depending 
on the concentration of MSNs used. However, high 
doses of MSNs (above 1.0 mg/mL) have been shown 
to generate reactive oxygen species (ROS). For this 
reason, we were interested in the difference between 
the MSN shapes at concentrations below this toxic 
dose. With this in mind, tubular MSNs were observed 
to produce the highest ultrasound contrast at these 
lower concentrations. Previous studies have shown 
that the shape of the nanoparticle can greatly impact 

Fig. 3  Size distribution of the various MSNs. Electron microscopy images of MSN for structural characterization analysis. (a)-(c) 
TEM images of amorphous, spherical, and tubular MSNs respectively. (d)-(f) SEM images of amorphous, spherical, and tubular 
MSNs respectively. Average diameter, standard deviation, and PDI of MSNs through zeta-sizer. Please note varying scale bars for 
appropriate size approximation.
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the cellular uptake, affinity to blood proteins, and 
circulation time [36]. However, it has also been shown 
that the shape of nanoparticle can have considerable 
effects on the absorption of imaging waves thus 
impacting contrast capacity [37]. It is important to 
note that MSN contrast can also vary depending on 
the size of the particle. Thus, it is possible that larger 
spherical MSNs could provide increased ultrasound 
contrast, more similar to that of the tubular MSNs [34]. 
Furthermore, images provided in Fig. 4 and 5 represent 
integrated pixel intensity by showing the total intensity 
across the entire field; however, as mentioned before 
these images are affected by concentration.  We next 
looked at the effects of FC conjugation to the various 
shaped MSNs (Fig. 5).  FC conjugation was performed 
to increase the robust diagnostic capacity of the MSNs. 
In addition, covalent conjugation of the FCs to the 
MSNs compared to simple encapsulation eliminates 
the possibility of these moieties spreading beyond the 
vicinity of the nanoparticles.  It was determined that 
the conjugation of the FC increased the echogenic 
properties of the MSN at most concentrations, 
regardless of shape. The increase of concentration 
of the MSNs was also found to increase the MPI 

consistent among all shapes with and without the 
FC conjugation.  Together these results indicate that 
tubular shaped nanoparticles conjugated with FC 
may provide the greatest ultrasound contrast at lower 
concentrations making them more suited for ultrasound 
applications. 

In-vitro studies

It has previously been shown that the shape of a 
nanoparticle can affect how these efficiently these 
particles traverse the different cellular barriers and 
are taken up by cells. In fact, previous research has 
shown that high aspect ratio nanoparticles (i.e. rods 
and tubes) have a higher ratio of cellular uptake than 
those with a lower aspect ratio (i.e. spheres) [38-40]. 
However it is important to note that the type of cell, 
material composition of the nanoparticle, and size of 
the nanoparticle can also play a significant role in the 
rate of nanoparticle ingestion [41, 42]. To understand 
how the shape of MSNs affects cellular uptake, each of 
the MSN shapes were incubated for either 30 minutes 
or 2 hours with HER2 overexpressing breast cancer 
cells. As these particles are fluorescently labeled, we 
were able to witness the amount of cellular uptake by 

Fig. 4  Ultrasound images of each nanoparticle shape (amorphous, spherical, and tubular) at various concentrations (0.5-5.0 mg/mL) 
followed by analysis of mean pixel intensities of the ultrasound studies. * p < 0.05, ** p < 0.01, *** p < 0.001.

Fig. 5  Ultrasound images of each nanoparticle shape (amorphous, spherical, and tubular) conjugated with fluorocarbon (FC) at 
various concentrations (0.5-5.0 mg/mL) followed by analysis of mean pixel intensities of the ultrasound studies. * p < 0.05.
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tracking the fluorescence. Fig. 6 displays the images of 
the various cell cultures incubated with MSNs obtained 
through fluorescent microscopy. All nanoparticles 
were conjugated with a fluorescent label, FITC, and all 
cells underwent a nuclei stain. Images were analyzed 
qualitatively for co-localization of nanoparticles to 
HER2 overexpressing cells. We observed that co-
localization was found following both the 30 minute 
and 2 hour incubation periods; however, a greater 
amount of nanoparticles were found to co-localize to 
the HER2+ cells at the 2 hour incubation period as 
compared to the 30 minute incubation period. This is 
likely because more time allowed for more cells to 
endocytose the MSNs.

In addition, FC conjugation to the surface of the 
nanoparticles did not seem to interfere with the 
successful binding of Herceptin to the HER2+ receptor 
as co-localization of the cells and fluorescently labeled 
particles were found in all FC groups. Furthermore, the 
FC-Herceptin particles displayed an equal or greater 
amount of co-localization with the cells as compared 
to their non-FC counterpart. To analyze these results, 
images were taken for each of the six experimental 
samples. Image J was then used to quantify the percent 
area of nanoparticles per frame through quantifying the 
level of FITC expression per frame. Table 1 displays 
the percent of the area of nanoparticles relative to 

frame of image of each sample group. The percentage 
of MSNs per frame increased when the incubation time 
increased from 30 minutes to 2 hours. Additionally 
the conjugation of a FC increased the amount of co-
localization of the MSNs to the HER2+ cells. This 
further indicates that the FC does not interfere with the 
interaction of Herceptin and the HER2+ receptor. The 
sample with the highest amount of FITC expression per 
frame was determined to be Tubular-FC-Herceptin at 
the 2-hour incubation period. These fluorescent images 
may suggest that the tubular shaped morphology has a 
higher rate of cellular endocytosis when compared to 
the hexagonal or spherical particles. It is important to 
note that cellular endocytosis can cause cellular lysis 
of the target cells [43]; however, additional cell studies 
using a live/dead assay would need to be performed 
in order to confirm cell lysing due to the endocytosis 
of the nanoparticles. It is important to note that the 
exact effects of the FC on the MSN properties were 
not obtained due to a lack of a FC control. Therefore, 
one limitation is the variations in results following FC 
conjugation that could be a result of the conjugation 
itself or its effects on the size/shape of the nanoparticle. 

The design of this study was conducted in order 
to enhance the diagnostic effects of mesoporous 
nanoparticles for the targeted diagnosis of breast cancer. 
Modalities are quickly progressing into becoming 

Table 1 The percent of the area from the particles: Frame of image was found utilizing Image J and is reported. 10× magnification 
images were utilized to obtain the percent area of particles

Incubation time Amorphous Spherical Tubular Amorphous-FC Spherical-FC Tubular-FC

30 minutes 0.148 0.009 0.006 0.314 0.043 0.203

2 hours 0.311 0.357 0.165 0.46 0.332 3.046

Fig. 6  Fluorescent images of MSNs with and without FC attachment incubated with HER2+ cells for 30 minutes or 2 hours. Green 
staining indicates the presence of FC conjugated MSNs. Blue staining indicates DAPI staining. Images were taken at 40×. Scale bar 
is 100 μm.
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multifunctional, serving to enhance diagnostic imagery 
as well as offer means of therapeutic delivery or 
attachment of therapeutic moieties. Ultrasound is 
a cost-effective, non-ionizing and bedside friendly 
imaging system as compared to the current clinical 
standard, mammography, for diagnosing and tracking 
the progression of the tumor [7]. There are several 
ultrasound contrast agents utilized in clinical practice 
including gas microbubbles and nanoparticles [44, 45]. 
However, gas microbubbles have an extremely short 
lifespan within systemic circulation, lasting only a few 
minutes [46]. To circumvent these shortcomings, we 
analyzed the ability of FC-conjugated MSNs in various 
morphologies to enhance diagnostic effects.

In this work three morphologies of MSNs were 
tested to determine their ultrasound contrast at 
various concentrations along with their FC conjugated 
counterpart. A general trend was seen which depicted 
the FC conjugated particles emitted a higher MPI as 
compared to the non-FC conjugated MSNs. Tube and 
amorphous MSNs alone were shown to have a higher 
contrast than the spherical MSNs at all concentrations 
and tube MSNs appeared to have higher contrast 
than amorphous at lower concentrations. To test the 
targeted MSN’s capability of being endocytosed to 
their targeted cells, an in vitro assay was performed. 
The MSN-FC-HER particles were reported to have a 
higher percent area of particles to image frame when 
compared to the non-FC conjugated MSNs. Future 
studies aim at establishing therapeutic benefit of MSN-
FC-HER through target binding assays with HER-
2 positive breast cancer cells. Additional studies will 
also include more in-depth characterization of the 
surface chemistry and kinetic properties of the MSNs 
with and without the various surface conjugations. 
These characteristics can have tremendous effects on 
the absorption, distribution, binding, and excretion 
of nanoparticles and may provide us with additional 
features to tailor and further improve their diagnostic 
and therapeutic capacity [47, 48]. Furthermore, key 
studies will be required to determine the behavior 
and efficacy of these nanoparticles following clinical 
delivery, similar to the currently used imaging 
enhancing modalities. 

Conclusions

In summary, a multifunctional, hybrid nanoparticle 
system was successfully developed to enhance 
contrast in ultrasound for application in breast cancer 

diagnostics. Three morphologies were tested in 
their capability for ultrasound contrast and rate of 
endocytosis. It can be suggested that tubular MSNs 
emit a higher contrast alone and all morphologies 
share a general trend of increased contrast with the 
conjugation of a FC. Overall, these results suggest that 
MSNs may be designed to possess the ideal size, shape, 
and chemical modification to further enhance contrast 
intensity in ultrasound. We hope that this research can 
provide a platform for future research in improving the 
ability of ultrasound to diagnosis and monitor breast 
cancers.
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