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Abstract

This paper reports successful synthesis of multifunctional nanoclusters of upconversion
nanoparticle (UCNP) and gold nanorod (AuNR) through a PEGylation process. UCNPs emit
visible luminescence under near-infrared excitation, producing high-contrast images with no
background fluorescence. When coupled with AuNRs, the resulting UCNP-AuUNR multifunctional
nanoclusters is capable of simultaneous detection and treatment of bladder cancer. These UCNP-
AUNR nanoclusters are further functionalized with antibodies to epidermal growth factor receptor
(EGFR) to target bladder cancer cells known to overexpress EGFRs. This paper demonstrates, for
the first time, efficient targeting of bladder cancer cells with UCNP-AUNR nanoclusters. In
addition to high-contrast imaging and consequently high sensitivity detection of bladder cancer
cells, highly selective optoporation-assisted chemotherapy was accomplished using a dosage of
chemotherapy agent significantly lower than any previous reports, within a clinically relevant
incubation window. These results are highly relevant to the eventual human application in which
the nanoclusters and chemotherapy drugs will be directly instilled in bladder via urinary catheter.
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Introduction

Upconversion nanoparticles (UCNPs) have recently gained research interest due to several
favorable characteristics. Because UCNPs upconvert lower energy photons in the near-
infrared (NIR) region into higher energy photons in the visible, they provide distinct
advantages of no autofluorescence, deeper tissue penetration, and minimal tissue damage.1>
Furthermore, the photophysical stability and higher upconversion efficiencies make them
ideal for high-contrast, biological imaging.5-2

Earlier motivations of coupling plasmonic nanostructures with UCNPs have been mainly for
upconversion enhancement using the enhanced local field of plasmon resonance.10-15
However, achieving high enhancement in a controlled fashion in colloidal systems proved
difficult and the focus has since shifted to achieving multimodal imaging and treatment.
5.16-23 The coupling of UCNPs with Au nanoparticles for multimodal imaging and
treatment has been demonstrated through several methods. Song et al. have grown
upconversion shell on gold nanorods (AuNRs) and demonstrated upconversion imaging,
magnetic imaging, and photothermal therapy.1® Cheng et al. have grown an iron oxide shell
and then subsequently a gold shell on top of UCNPs and demonstrated upconversion
imaging, magnetic resonance imaging, and magnetic-field guided photothermal therapy.1’
He et al. have demonstrated coupling of UCNPs with various gold nanoparticles ranging
from nanospheres to nanostars through the DNA-DNA binding. And with these
nanoclusters, the authors have demonstrated multimodal imaging, photothermal therapy, and
photodynamic therapy (PDT).° Sun et al. have coated their UCNPs with a combination of
polyethylene glycol (PEG) and DNA to create a hierarchical AUNR and UCNP core-satellite
nanoassemblies. The PEG was used to load Chlorin €6, a PDT agent and DNA was used to
tether the UCNPs to the AuNRs. With these nanoclusters, the authors have demonstrated
multimodal imaging, PDT, and photothermal therapy.18 While various nanoclusters have
demonstrated multifunctionality, no active targeting was present in the nanocluster and thus
relied either on having prior information of the tumor location or on the enhanced
permeability and retention (EPR) effect.
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In this paper, we use a PEGylation based approach to create multifunctional nanoclusters of
UCNPs and gold nanorods (UCNP-AuUNR) which are bioconjugated with antibodies for
targeted imaging and treatment of bladder cancer. Building on a previously reported method
for UCNP functionalization, which uses a monofunctional amine-ended PEG as the
hydrophilic end of their amphiphilic polymer,24 we use a mixture of two different types of
hydrophilic ends. Specifically, we mix heterofunctional amine and thiol functionalized PEG
(NH,-PEG-SH) with 2-methoxyethylamine (NH,-EtOMe). Subsequently, this mixture is
reacted with the hydrophobic poly(maleic anhydride-a/M-octadecene) (PMAQO). This
approach offers three distinct advantages. First, by using a heterofunctional NH,-PEG-SH
we have additional reactive thiol groups that will allow us to link UCNPs with gold through
gold-thiol interaction. Second, we reduce particle aggregation more effectively by using a
small molecule NH,-EtOMe. Third, the reaction between PMAQ and the amine group on
PEG results in an additional carboxyl group that can be used for further functionalization
with protein. Thus, we are able to conjugate the nanocluster with C-225, an antibody to
epidermal growth factor receptor (anti-EGFR). With C-225 conjugation, the nanoclusters
can actively target cancer cells by specifically binding with the epidermal growth factor
receptors (EGFRS) that are known to be over-expressed on the bladder cancer cell
membrane. 2 26

With the bioconjugated UCNP-AUNR nanoclusters, we demonstrate multimodal imaging
and subsequent killing of bladder cancer cells through optoporation with sub-clinical dosage
of chemotherapy agent. When irradiated by a femtosecond (fs) pulsed laser, nanobubbles are
formed in the vicinity of the AUNRs and they subsequently disrupt the cell membrane upon
irradiation.2”: 28 Using this optoporation technique, we porate the membranes of the EGFR
expressing cancer cells, and therefore increase intake of sub-clinical dosage of cisplatin, a
chemotherapy agent, to kill the cancer cells. To the best of our knowledge, (1) coupling of
UCNPs and AuNRs through a PEGylation process and then functionalizing the nanoclusters
with antibodies to actively target EGFR-expressing cancer cells to reduce treatment time to
clinically relevant time frames, and (2) use of UCNPs in the nanoclusters, selectively bound
to EGFR-positive cells, as imaging and detection agent in optoporation-assisted
chemotherapy, have not been reported before. This active targeting does not rely on the EPR
effect, which takes on the order of 24 hours for a significant accumulation of nanoparticles
in tumor.2? Instead, the incubation time can be drastically reduced down to 2 hours, as
demonstrated later in this paper. We have also achieved effective cell killing with a dosage of
chemotherapy agent much lower than what was previously reported. The eventual clinical
application will involve direct installation of the nanoclusters in bladder for selective
binding, followed by detection of cancer by UCNP fluorescence and subsequent
optoporation-assisted chemotherapy with significantly reduced dosage. Therefore, the high
contrast imaging, highly selective Kkilling by optoporation-assisted chemotherapy and short
incubation time are all critical requirements for successful clinical application.

2. Materials and methods

All the descriptions in Methods section are presented in further detail in the Supplementary
Information. Briefly, we first synthesized UCNPs via thermal decomposition method3? and
AuNRs with seed-mediated growth method3?: 32 that have been previously reported. This
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process uses NH,-PEG-SH and NH,-EtOMe to make PMAQO amphiphilic. NH,-PEG-SH
provides thiols for further reaction with gold while the NH2-EtOMe acts as a stabilizer to
minimize aggregation of the PEGylated UCNPs. Then, the coated UCNPs bind with AUNRS
through the gold-thiol bonding process to create the UCNP-AUNR nanoclusters. The AUNRs
used in this work have an average width of 11nm and length of 43nm and has a localized
surface plasmon near 800nm (Supplementary Figure S1.) It is noted that the plasmon
resonance is not matched with either absorption or emission of UCNP, as the primary goal of
this work is not to enhance upconversion but to achieve multifunctionality - luminescence
for imaging/detection and optoporation for therapeutics. Thus, we use small-size, detuned
AuNRs for minimal luminescence quenching, which is demonstrated later.

The UCNP-AUNR nanoclusters were then functionalized with C-225, an antibody to
epidermal growth factor receptor (EGFR). The amine end of the C-225 covalently bonds
with the carboxylic end of the amphiphilic polymer to create an amide bond via the standard
EDAC reaction, as described in the Supplementary Information.

Human bladder cancer cells are known to over-express EGFRs while normal urothelial cells
don’t.25: 26 Thus, functionalization with anti-EGFR enables specific binding of the
nanoclusters to bladder cancer cells. The selective binding of C-225 conjugated UCNP-
AUNR nanoclusters was tested by treating with the UCNP-AUNR nanoclusters a mixture of
EGFR-positive (A549) and EGFR-negative (H520) cells, a well-established model of EGFR
expression.33: 34 To distinguish EGFR-positive and EGFR-negative cells by conventional
fluorescence microscopy, the EGFR-negative cells (H520) were developed by transducing
NucLight Red lentivirus. The cells express nuclear restricted red fluorescent protein emitting
at 633nm when excited by 588nm light, and thereby distinguishing themselves from the non-
luminescent EGFR-positive (A549) cells. The presence of UCNP-AuUNR nanoclusters was
tested by the green fluorescence emitted by DyL.ight labelled secondary antibody against
IgG, which we added to C-225 for convenient fluorescence detection. The DyL.ight
luminescence is centered at 518nm upon blue excitation at 493nm.

Upconversion imaging of cells bound with UCNP-AUNR was performed with a Zeiss LSM
780 confocal microscope. The cells were illuminated by a Ti:Sapphire laser with center
wavelength at 980nm. The collected signal was filtered to reject the 980nm laser and
transmit only the visible luminescence.

Further confirmation of selective binding of hanoclusters was obtained by probing the
optical signals arising from AuNRs. For this purpose, we prepared EGFR-negative (H520)
and EGFR-positive (A549) cells separately and treated them with UCNP-AuNR
nanoclusters. We then acquired infrared darkfield images in the NIR region. We used a
conventional darkfield microscope setup with the addition of a 715nm longpass filter which
blocks the innate scattered light from the cells in the visible while transmitting the increased
scattering from AuNRs in the NIR.

For /n vitro optoporation studies, different types of cells were seeded in 8-chamber
coverglass system. Subsequently, the cells were incubated with C-225 or UNCP-AUNR for 2
hours and washed with phosphate-buffered saline (PBS) three times to remove unbound
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nanoclusters. The incubated cells were then immersed in either Propidium iodide (PI)
solution, PBS, or cisplatin during 800nm laser irradiation. Cell optoporation and cell death
were monitored via conventional fluorescence microscopy.

3. Results

The synthesized UCNP-AUNR nanoclusters were examined via scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). A low magnification SEM
image in Figure 1(a) shows a mixture of UCNP-AuUNR nanoclusters and some excess
AuUNRs. Based on the TEM images from multiple regions, the yield of successful
conjugation of the UCNP-AUNR nanocluster is estimated to be 34%, of which 59% is made
of single AuNR and single UCNP (Supplementary Figure S2). Higher magnification TEM
images shown in the inset of Figure 1 reveal a thin, uniform polymer coating on the UCNP
surface, and AuNR attached to the surface of the PEGylated UCNP. To determine whether
AuUNRs quench upconversion PL of UCNPs, we performed a single nanoparticle PL
spectroscopy. First, a diluted UCNPs and UCNP-AuUNRs were dropcasted on a pattered Si
substrate through the blade coating method. Then, by SEM, a single nanoparticle and a
single nanocluster consisting of one UCNP and one AuNR were located. Afterwards, the
upconverted PL from the single UCNP and single nanocluster was collected by a confocal
microscope. As shown in Figure 1(b), there is no variations in the upconverted PL spectrum
and intensity. This clearly shows that the upconverted luminescence is not adversely affected
by the formation of UCNP-AUNR nanoclusters.

Figures 2(a)—(d) show results of this selective binding study. Figure 2(a) shows a brightfield
image of a random mixture of A549 and H520 cells. When these cells are illuminated with
588nm light, the nuclei of the H520 (EGFR-negative) cells fluoresce in red, as demonstrated
by Figure 2(b). When we switch the excitation light to blue, as in Figure 2(c), green
luminescence is visible. This green fluorescence from the secondary antibody labeled with
DyL.ight 488 visualizes the C-225 antibodies attached to the UCNP-AUNR nanoclusters. The
overlay image of the red and green fluorescence with the brightfield image in Figure 3(d)
shows no overlap between red and green fluorescence.

Next, we demonstrate the high-contrast upconversion luminescence imaging capability of
the UCNP-AUNR nanoclusters. Figure 2(e) shows a brightfield image of T24T bladder
cancer cells, an EGFR-positive cell line. Figure 2(f) and (g) show green and red PL,
respectively, from the UCNPs upon 980nm excitation. The spectra of the green and red PL
show characteristic PL spectra of UCNPs, providing direct evidence that UCNPs are bound
on the membrane of these EGFR-positive cells. Unlike the conventional fluorescence
imaging which typically accompanies substantial background autofluorescence, Figures 2(f)
and (g) show high-contrast images with no background fluorescence. We further confirmed
that the cells without UCNP-AUNR nanoclusters do not show any PL signal and thus the
fluorescence image is completely black (data not shown).

Because cells are highly transparent in the NIR region, there is very little light scattering by
the cells in the NIR region while AuNR scatters strongly due to the plasmon resonance. This
can be observed in the micrographs shown in Figure 3(a) and (c), which are brightfield and
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darkfield images of EGFR-negative cells (H520) treated with UCNP-AUNR nanoclusters,
respectively. As can be seen in Figure 3(c), there is little scattering on the surface of H520
cells, indicating the absence of AuUNRs and by extension UCNP-AUNR nanoclusters. In
contrast, the EGFR-positive cells (A549) treated with UCNP-AUNRSs show strong scattering
in the NIR region. Figure 3(b) and (d) are brightfield and darkfield images, respectively, of
the EGFR-positive cells (A549) treated with UCNP-AuUNR nanoclusters. Figure 3(d) shows
substantial scattered signals.

After confirming that the UCNP-AUNR nanoclusters have been successfully bound on the
cell membranes, the optoporation capabilities were examined by irradiating the nanoclusters
with fs laser pulses and subsequently monitoring the cells. The fs laser irradiation results in
the formation of nano-/micro-scale bubbles around the plasmonic nanostructure by direct
field ionization or strong local heating.2”- 28 This nano-cavitation process can disrupt the cell
membrane and create nano-/micro-scale holes. To demonstrate the plasmon-mediated
optoporation with our UCNP-AUNR nanoclusters, cells treated with and without UCNP-
AUNR nanoclusters were irradiated with 100fs Ti:Sapphire laser at 800nm. Using a confocal
microscope, we defined a small irradiation area (indicated by red squares in Figures 4(a)-
(d)) and we irradiated the cells with a peak power density of 13MW cm~2 and a dwell time
of 5us for each pixel. The laser beam was scanned over the red square area twenty times.
During the irradiation, the cells were immersed in a solution of propidium iodide (PI). PI
does not normally enter the cells during incubation and remains non-fluorescent. But it emits
red fluorescence when it reaches the cell nucleus. It is therefore an effective marker of cell
membrane damage. In the experiments shown in Figures 4(a)—(d), all conditions including
cell confluence, laser fluence, irradiation duration and area, were kept identical and the only
variable was whether the cells were treated with UCNP-AUNR nanoclusters or not. We
expected that the EGFR-positive HTB9 cells were bound with UCNP-AuUNR nanoclusters
and thus upon irradiation by fs laser pulses, their cell membrane should be compromised,
allowing PI to enter the cell and reach the nucleus. At the nucleus, Pls bind with RNAs and
become fluorescent which can be easily detected using a conventional fluorescence
microscopy. Figure 4(a) and (b) show brightfield and fluorescence images, respectively,
acquired 5min after the fs laser irradiation of HTB9 cells treated with UCNP-AuUNR
nanoclusters. Red fluorescence is clearly visible in Figure 4(b) indicating that the cell
membrane has been compromised. On the other hand, Figure 4(c) and (d) show brightfield
and fluorescence images, respectively, of HTB9 cells not treated with the nanoclusters.
Under identical irradiation dosage and imaging conditions, no red fluorescence was
observed in Figure 4(d). Since the selective binding of UCNP-AUNR nanoclusters to EGFR-
positive cancer cells has already been demonstrated earlier, this result shows that we can
selectively porate the cell membrane of the bladder cancer cells, opening the possibility of
selectively delivering drugs to the targeted cancer cells.

We compared two different types of EGFR-positive bladder cancer cells (HTB9 and T24T)
to quantify the effects of irradiation dosage on optoporation. We treated both cells with
nanoclusters and irradiated them with fs laser pulses. As negative control, cells not treated
with nanoclusters were also irradiated with the fs laser with the same conditions. Pl was
once again used to monitor the cell membrane damage. We varied the laser dosage and
measured the area of poration by calculating the percentage of pixels within the irradiated
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area that showed red fluorescence from PI. Figure 4(e) shows the area of cell poration as a
function of total laser energy delivered to the cells. Both HTB9 and T24T cells, when treated
with UCNP-AUNR nanoclusters, start exhibiting faint red PL starting at 13.8pJ. HTB9
shows a sharp increase in PL intensity at 15.9pJ and T24T at 16.2pJ. At 16.2pJ and 18.6pJ,
respectively, HTB9 and T24T reach saturation where the porated area ceases to increase.

Simultaneous upconversion imaging and optoporation of UCNP-AUNR nanoclusters were
performed by scanning the cells incubated with the nanoclusters with 980nm excitation. The
green upconverted PL was imaged simultaneously with a brightfield image. As shown in
Figure 4(f), we were able to identify the cells with nanoclusters by monitoring the
upconverted PL intensities. We then irradiated only the region within the yellow circle five
times with the fs laser (energy of 8pJ) and observed membrane disruption. Again, these
experiments were conducted in Pl solution to monitor the membrane compromise with Pl
fluorescence. Immediately following the fs laser irradiation, as depicted by Figure 4(g), the
cell was enlarged and membrane disruption was visible at the location of laser irradiation.
The subsequent penetration of Pls into the cell was visible 40s after the fs laser irradiation.
At 16min after irradiation, we started to observe a bright fluorescence in the nuclei of the
irradiated cell, indicating a successful penetration of P, as shown in Figure 4(h).

Next, we conducted targeted drug delivery experiments utilizing optoporation mediated by
UCNP-AuUNR nanoclusters. Ideally, optoporation should only puncture small enough holes
in the cell membrane that the cells can recover the following day. While porated, however,
the drug intake by the cells is dramatically increased, enhancing the efficacy of the
chemotherapy drugs. It is therefore possible to enable highly targeted chemotherapy by
using optoporation mediated by the C-225 conjugated UCNP-AuUNR nanoclusters. In this
approach, targeted cancer cells are porated by UCNP-AuUNRSs and laser while the cells are
simultaneously treated with a sub-clinical dosage of cisplatin, a chemotherapy drug. This
way, only the porated cells will receive therapeutic dose while the unporated cells will
remain unaffected.

To demonstrate the efficacy of the optoporation-based selective chemotherapy, we designed
an experiment where we use sub-clinical dosages of cisplatin and monitored the cell
viability 24 hours after irradiation. During the fs laser irradiation, the cells were left under
one of the following conditions: (a) 200puL of 1.5uM of cisplatin in C-225 conjugated T24T
cells (no UCNP-AUNR nanoclusters), (b) 200uL of PBS in UCNP-AuUNR conjugated T24T
cells, and (c) 200pL of 1.5uM of cisplatin in UCNP-AUNR conjugated T24T cells. An area
of 2.656mm x 2.656mm was irradiated at 2.46 x 10’W cm~2. The following day, the cells
were imaged with 200uL of 0.5ug mL™1 of Pl in PBS. Unlike in Figure 3 where the Pl was
used to examine the optoporation efficiency /n sity, this time Pl was used to quantify cell
death. When Pl is used during fs laser irradiation, it shows that the cell membranes are
porated but it does not necessarily mean that the cells are killed. On the contrary, the cells
generally recover the porated membranes in a day or so. When Pl imaging is conducted 24
hours after the optoporation experiment, the cells are given sufficient time to recover from
poration. Thus, the red fluorescence in this case signifies cell death, because the dead cells
would not recover their cell membranes and thus the membranes remain compromised,
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allowing the PI to penetrate the compromised membranes of the deal cells, reach the nuclei,
bind with RNAs and fluoresce in red.

Figures 5(a)—(c) show an overlay of brightfield and fluorescence images of the three samples
described above. As explained above, each cell that shows red fluorescence is a dead cell.
Figure 5(a), where cells were irradiated with fs pulses in the presence of cisplatin but no
UCNP-AuUNR nanoclusters, the majority of cells remain alive as evidenced by the lack of
fluorescence and high cell density. There is a small number of cells fluorescing in red, which
is attributed to some local heating that leads to a marginal increase of cisplatin uptake.3? In
Figure 5(b), where the T24T cells were treated with UCNP-AUNRSs but in the absence of
cisplatin, we observed no PI fluorescence and the cell density remained high. This
demonstrates that the cells that have UCNP-AuUNR bound to their membranes and thus have
been porated, recover fully when cisplatin is absent. When we have a combination of
cisplatin and UCNP-AUNR nanoclusters during irradiation, however, we observed a
significant decrease in cell viability. This can be seen by a larger number of PI stained cells
and sparse cell density in Figure 5(c). When the cell viability was quantified (Figure 5(d)),
we achieved cell viability below 20% with only 30min exposure of 1.5 uM of cisplatin when
we utilize optoporation to enhance the chemotherapy drug intake. For further comparisons,
we incubated the cells with varying concen trations of cisplatin from 1.65uM to 6.6uM for
72 hours and checked the long-term cell viability through an MTT assay (Figure 5(¢)). We
see that without the assistance of optoporation, T24T cells that have been incubated with
1.65 UM of cisplatin continuously for 72 hours exhibits 100% cell viability. This confirms
that the 1.5 uM of cisplatin we used in the optoporation experiments is well below the lethal
dosage. Even at 4.4 times higher concentration of cisplatin at 6.6uM we observed that the
cell viability remains around 80%. Thus, with the highly specific cancer targeting possible
with the C-225 conjugated UCNP-AUNR nanoclusters, we achieve highly targeted
chemotherapy with drastically reduced damage to normal cells.

4. Discussion

The electron micrographs in Figure 1 demonstrate successful conjugation of UCNP-AuUNRs.
While the yield of 34% can be further improved in the future, we note that the unbound
AUNRs present in our samples do not affect our experiments. This is because the C-225
antibodies are coupled through the carboxyl group present on the surface of UCNPs.
Therefore, the unbound AuNRs do not have C-225 antibodies and are thus effectively
removed during the rigorous washing processes we incorporated after incubation of the
nanoclusters with the cells.

When coupling UCNPs with plasmonic structures, one must consider the interplay between
the positive effect of surface plasmon resonance and the negative effects due to
luminescence quenching and light scattering. It is well known that the presence of free
electrons near a quantum emitter can effectively quench luminescence. In our UCNP-AuNR
nanoclusters, the quenching effect should be minimal because we deliberately chose small
size AuUNRs. The small metal volume should naturally lead to less quenching. Additionally,
light absorption and scattering by metal will reduce the intensity of the excitation laser that
reaches UCNPs. Small metal volume reduces both light absorption and scattering, and thus
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minimizes the negative effect on upconverted luminescence. Furthermore, we deliberately
detuned the plasmon resonance of AuNRs from the UCNP absorption wavelength of 980nm
so that the reduction of UCNP absorption should be minimal while the absorption at the
plasmon resonance wavelength of 800nm remains strong enough to result in efficient
optoporation. This is clearly shown by Figure 1(b).

The selective binding of UCNP-AUNRs to EGFR-positive cells is evidenced by the
fluorescence micrographs in Figure 2 (a) — (d). The distinct red fluorescence from the nuclei
of EGFR-negative cells and green fluorescence from the C-225 functionalized UCNP-
AUNRs do not overlap. This is a clear evidence that the C-225 antibodies are only detected
on the EGFR-positive cells. And since C-225 antibodies were conjugated onto UCNP-AuNR
nanoclusters before they were incubated with the cell mixture, we can conclude that the
UCNP-AuUNRs are only bound to EGFR-positive cells and not to the EGFR-negative cells.
This mixture of EGFR-positive and negative cells is a good representation of the /n vivo
situations where EGFR-positive cancer cells would be randomly distributed amid EGFR-
negative normal cells. Furthermore, the upconversion PL images in Figure 2(e) — (h) show
high-contrast uniform membrane binding of the UCNP-AUNR nanoclusters on the EGFR-
positive cell membrane after 2 hours of incubation. Figure 2 therefore serves as a powerful
evidence that the UCNP-AUNR nanoclusters will selectively bind only to the EGFR-
expressing cancer cells in the eventual human application. While these images demonstrate
selective binding of UCNP-AUNR nanoclusters on a macroscopic scale, more microscopic
examinations of sparsely distributed EGFR-positive cells also show uniform membrane
binding of UCNP-AUNR nanoclusters to EGFR-positive cells (Supplementary Figure S3.)
We have also kept the cells (without any irradiation or treatment) incubated for 24 hours and
performed upconversion imaging, which revealed all nanoparticles are taken up by the cells
(Supplementary Figure S5). It is noted that membrane binding is sufficient for optoporation
and endocytosis is not required. Much more important is the requirement of achieving dense
membrane binding within 2 hours, which is considered the maximum time tolerated in
intravesical therapy.

The darkfield micrographs depicting scattered light from AuNRs, in Figure 3, reiterate the
selective binding of the nanoclusters to EGFR-positive cells. Because the darkfield images
were acquired under identical irradiation and collection conditions, the increased scattering
in Figure 3(d) is attributed to the increased scattering of incident irradiation due to the
AuNRs present on the A549 cell membrane. The micrographs in Figure 3, taken with
images in Figure 2 provide concrete evidence that UCNP-AuUNR nanoclusters were
successfully and selectively bound to the membrane of EGFR-positive cells.

The dosage-dependent optoporation shown in Figure 4 revealed different thresholds between
two EGFR-positive cells (HTB9 and T24T) incubated with UCNP-AuUNRS. The threshold of
HTBO cells were at a lower energy than that of T24T. We believe this difference occurs
because HTB9 cells have higher EGFR expression than T24T cells and therefore have
higher density of nanoclusters bound to their cell membranes.2% 30 This is also consistent
with the fact that the maximum porated area of HTB9 cells was larger than that of T24T
cells. Once the laser power reaches 22.2pJ and 24.6pJ, respectively, HTB9 and T24T cells
both started exhibiting nonspecific poration, as indicated by the increase in porated area in
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the untreated cells. The decrease in PL area observed at even higher energies for the
nanocluster conjugated cells is because the cells get deformed after irradiation and lose their
original membrane integrities. While the details of optoporation results depend on the
specific laser irradiation conditions and cell preparation conditions, our result shows that an
optimum condition for selective optoporation can be achieved by properly adjusting the laser
dosage. It is noted that the upconversion images in Figure 4(f)—(h) indicate incomplete
membrane binding, which is due to the shorter incubation time (1.5 hours) used in these
experiments. Our data show that membrane binding begins before 30 min and is complete by
2 hours of incubation (Supplementary Figure S6). For clinical applications, shorter
incubation time is desirable and Figure 4 showa optoporation is possible with 90 min of
incubation.

Finally, the effectiveness of optoporation-assisted chemotherapy was demonstrated. When
the UCNP- AuNR treated cells are irradiated with fs pulsed laser, the ensuing nano-
cavitation results in poration of cell membrane. By performing optoporation on the cells
with a sub-clinical dosage of cisplatin, we show cell viability below 20% with just 30min of
exposure while the same dosage has no cytotoxic effect on unporated cells. The
effectiveness of our nanocluster is evident from the fact that effective cell killing was
achieved with a much shorter incubation time and a substantially lower chemotherapy drug
concentration than previous reports.3” - 39 Both the shorter incubation time and lower dosage
of chemotherapy drug are critical requirements for clinical applications because a lower
dosage will reduce adverse side effects and 2 hours is known to be the longest intravescical
treatment time tolerated in humans.

5. Conclusions

We demonstrate efficient coupling of UCNPs with AuNRs through a PEGylation process.
The new PEGylation process allows the formation of highly stable UCNP-AUNR
nanoclusters and further functionalization with antibodies for active targeting. In this work,
we used C-225, antibody to EGFR for targeting bladder cancer cells. Thanks to the antibody
interaction, we demonstrated that the C-225 antibody functionalized UCNP-AUNR
nanoclusters uniformly bind to the EGFR-expressing cell membranes within 2 hours of
incubation. This short incubation time is crucial for the future clinical application, as 2 hours
is generally considered the longest intravesical treatment time tolerated in humans. Also,
through upconversion photoluminescence imaging, we obtained high-contrast images
showing selective binding of UCNP-AUNR nanoclusters to the EGFR-positive cancer cells
and no binding to EGFR-negative cells. This provides evidence that these nanoclusters can
be used for in situ detection of bladder cancer during a routine cystoscopic examination.
Furthermore, we demonstrate an efficient and highly selective killing of the EGFR-positive
cancer cells by utilizing optoporation-assisted chemotherapy. After 2 hours of incubation,
cancer cells are detected by the UCNP fluorescence and, upon detection, treated
immediately by the optoporation-assisted chemotherapy. When the UCNP-AuUNR treated
cells are irradiated with fs pulsed laser, the ensuing nano-cavitation results in poration of cell
membrane. By performing optoporation on the cells with a sub-clinical dosage of cisplatin,
we show cell viability below 20% with just 30 min of exposure while the same dosage has
no cytotoxic effect on unporated cells. This approach allows us to use minimal
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chemotherapy agent and thus minimize the negative side effects for the patients, while
obtaining pronounced therapeutic effect on the targeted cancer cells.

This paper shows a realistic pathway to clinical application in which the UCNP-AUNR
nanoclusters are directly instilled in bladder via urethral catheterization. In particular, there
are two distinct advantages over previously reported multifunctional nanoclusters. First, we
demonstrate a unique treatment method of optoporation-assisted chemotherapy, guided by
upconversion imaging. Unlike photothermal ablation techniques, whose performance can be
affected by local heat dissipation conditions, we utilize local optoporation in the presence of
significantly lower dosage and exposure time of cisplatin, a conventional chemotherapy
agent. Second, we demonstrate an effective killing of EGFR-positive cells within a clinically
relevant time frame. Active targeting of UCNP-AUNR nanoclusters results in selective
binding of the nanoclusters specifically to EGFR-positive cells within 2 hours of incubation,
which is a maximum duration allowed for intravesical treatment tolerated in humans.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Multifunctional nanoclusters made of upconversion nanoparticle and
plasmonic nanoparticle enable simultaneous detection and treatment of cancer

. Upconversion nanoparticles allow high sensitivity fluorescence detection of
cancer cells

. Plasmonic aided optoporation of cancer cells enable highly selective
chemotherapy

. Efficient cell binding and optoporation-enabled chemotherapy was

demonstrated within a clinically relevant time scale.
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(a) Electron microscopy images of UCNP-AUNR nanoclusters. A low magnification SEM
image reveals successful UCNP-AUNR conjugation yield of 33.6%. The inset shows higher
magnification TEM images of the UCNP-AUNR clusters. Scale bars indicate 100 nm. The
average diameter of UCNPs is 48.2 + 5.17nm. (b) Upconversion PL spectra of single UCNP
and UCNPAUNR nanocluster consisting of one UCNP and one AuNR. There is no
significant PL quenching due to the addition of a single AuNR. Scale bar indicates 100nm.
The average diameter of UCNPs is 48.2 + 5.17nm. (b) Upconversion PL spectra of single
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UCNP and UCNP-AuUNR nanocluster consisting of one UCNP and one AuNR. There is no
significant PL quenching due to the addition of a single AuNR. Scale bar indicates 1200nm.
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FIGURE 2.
(a) Brightfield image of a mixture of A549 (EGFR-positive) and H520 (EGFRnegative)

cells. (b) Red fluorescence image showing luminescence from the nuclei of H520 cells and
(c) green fluorescence image showing luminescence from the C-225 antibodies conjugated
on UCNP-AUNR nanoclusters. (d) An overlay of both fluorescence images with the
brightfield image. (e) Brightfield image of T24T cells conjugated with UCNP-AuNR
nanoclusters. Confocal mapping of PL signal upon 980nm excitation in (f) green and (g) red.
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(h) An overlay of green and red PL maps with the brightfield image shows membrane
binding, with yellow representing dual green and red detection.

Mater Sci Eng C Mater Biol Appl. Author manuscript; available in PMC 2020 April 01.

Page 19



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Choetal. Page 20

FIGURE 3.
Brightfield images of (a) EGFR-negative (H520) cells and (b) EGFR-positive (A549) cells.

(c) and (d) show the corresponding NIR darkfield images of cells incubated with
UCNPAUNR nanoclusters and then washed off with PBS.
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FIGURE 4.
(a) Brightfield and (b) corresponding red fluorescence micrograph of HTB9 cells bound with

UCNP-AuUNR nanoclusters. (c) Brightfield and (d) corresponding red fluorescence
micrographs of HTB9 cells without the nanoclusters. Both sets of samples have been
irradiated with identical dosage of fs laser and all images were acquired 5 min after
irradiation. (e) Quantification of percentages of pixel exhibiting red fluorescence in both
HTB9 and T24T cells with and without UCNP-AUNR conjugation with respect to total
energy delivered to the cells. (f) T24T cells bound with UCNP-AUNR nanoclusters. Green
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signal is the upconverted PL from the UCNPs present on the cell membrane. The irradiation
occurred only within the red circular region. (g) T24T cells immediately after the fs pulse
irradiation shows membrane disruption and cell enlargement (time lapse video is also
available), and (h) 16 min after the fs pulse irradiation, red fluorescence was visible within
the cell nuclei indicating that the PI dye penetrated through the porated cell membrane and
reacted with RNA within the nuclei. The scale bar indicates 10 pm.
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FIGURE 5.
P1 staining of cells 24 hours after irradiation. (a) T24T cells incubated with 1.5 uM of

cisplatin and irradiated with the fs laser, (b) T24T cells conjugated with UCNP-AuNR
nanoclusters and irradiated with fs laser in PBS, and (c) T24T cells conjugated with UCNP-
AUNR nanoclusters and irradiated with fs laser in the presence of 1.5 uM of cisplatin. (d)
Calculated cell viability compared to unirradiated region and (d) control cell viability of
T24T cells with various dosages of cisplatin incubated for 72 hours.
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