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C
urrent cancer therapy usually in-
volves surgery, so as to remove the
tumors, if possible, followed by che-

motherapy and/or radiation.1 When feasi-
ble, maximal surgical resection of the tumor
may indeed improve survival.2 But success
in surgery still relies on the surgeon's ability
to judge the presence of residual tumor
tissue at the time of surgery,3 the reason
being that neoplastic tissue, while easily
detected radiographically, is virtually indis-
tinguishable from normal brain tissue.4 For
chemotherapy or radiation therapy, the an-
ticancer drugs often fail to kill cancer cells as
they are usually administered systemically,
and therefore are subject to variations in
their absorption, metabolism, and delivery
to target tissues.5 Thus, there is a clear need
for improving surgery by tumor delineation
during surgery, as well as for an adjuvant
treatment that would sterilize the tumor
bed, say intraoperatively, with minimal or
no side-effects.
Investigators have proposed the use of

multiple imaging agents to aid in the recog-
nition of neoplastic tissue during resection.6�9

The first use of fluorescein, to improve the
detection and identification of brain tumors
in vivo, was reported by Moore et al. in
1948.7 Unfortunately, it is very difficult to
implement feasible tumor imaging techni-
ques which simultaneously offer sufficient
specificity and sensitivity. Most striking is
the recognition that only between 1 and 10
parts per 100 000 of intravenously adminis-
tered contrast agents reach their parenchy-
mal targets in vivo.9,10 On another front,
photodynamic therapy (PDT) has emerged
as one of the important therapeutic options
in cancer management. PDT is a clinical

treatment that utilizes the combined action
of photosensitizers (PSs) and specific light
sources for the treatment of various cancers.
For PDT to be successful, the availability of
suitable PSs and an appropriate formulation
for high accumulation in the tumor are of
crucial importance. It is believed that the
vast majority of neoplastic cells are found
within the tumor bed and up to 2 cm be-
yond the enhancing borders.11 For a 630 nm
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ABSTRACT We describe here the develop-

ment of multifunctional nanocarriers, based on

amine-functionalized biodegradable polyacryla-

mide nanoparticles (NPs), for cancer theranostics,

including active tumor targeting, fluorescence

imaging, and photodynamic therapy. The struc-

tural design involves adding primary amino

groups and biodegradable cross-linkers during

the NP polymerization, while incorporating

photodynamic and fluorescent imaging agents into the NP matrix, and conjugating PEG

and tumor-targeting ligands onto the surface of the NPs. The as-synthesized NPs are spherical,

with an average diameter of 44 nm. An accelerated biodegradation study, using sodium

hydroxide or porcine liver esterase, indicated a hydrogel polymer matrix chain collapse within

several days. By using gel permeation chromatography, small molecules were detected, after

the degradation. In vitro targeting studies on human breast cancer cells indicate that the

targeted NPs can be transported efficiently into tumor cells. Incubating the multifunctional

nanocarriers into cancer cells enabled strong fluorescence imaging. Irradiation of the

photosensitizing drug, incorporated within the NPs, with light of a suitable wavelength,

causes significant but selective damage to the impregnated tumor cells, but only inside the

illuminated areas. Overall, the potential of polymeric-based NPs as biodegradable, multi-

functional nanocarriers, for cancer theranostics, is demonstrated here.

KEYWORDS: polymer . nanoparticle . cancer . photodynamic therapy . imaging .
targeting . multifunctional
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laser light beam (used with Photofrin, the first genera-
tion PS), the light penetration depth, into the tumor,
ranges from 6 to 12 mm,10 indicating that, for deep
enough penetration, longer activationwavelength PSs,
that is, the so-called second generation PSs, may be
required for complete tumor killing. However, most
second-generation PSs are very hydrophobic and not
easy to formulate. Meanwhile, they also lack high
selectivity to tumor tissues, which can result in severe
side effects when injecting the PS directly.12 5-Amino-
levulinic acid has been reported to induce selective
accumulation of an endogenous PS, protoporphyrin IX,
in gliomablastoma multiforme. However, a very high
dose (>100 mg/kg) is needed for reliable in vivo fluo-
rescence imaging.13

Nanotechnology offers a tremendous potential for
medical diagnostics and novel therapeutic modalities.
There have been explosive developments of nanome-
dicine platforms over the past decade and the combi-
nation of different nanoscale materials can lead to the
development of multifunctional medical nanoplat-
forms for simultaneous targeted delivery, fast diagno-
sis, and efficient therapy.14 Various types of NPs have
been extensively studied for numerous biomedical
applications. Among the many nanoparticulate sys-
tems, polymeric NPs have been intensively investi-
gated for their potential application as delivery
vehicles for small-molecule drugs,15�19 DNA,20,21 and
proteins.22,23 A premise of nanomedicine is that it may
be feasible to developmultifunctional constructs com-
bining diagnostic and therapeutic capabilities, thus
leading to a better targeting of drugs to diseased cells,
as well as better monitoring of the therapeutic
process.24 This is often called “theranostics”. Of specific
interest is “targeted theranostics”.25

In view of the above-mentioned facts, we adopted a
“see and treat” strategy for tumor treatment, by using
biocompatible/biodegradable polymeric NPs. Our pre-
vious in vivowork using the NPs already evidenced the
specific targeting of F3 peptide,26 image guided tumor
resection and therapy,19 respectively. This is a conti-
nuation work to make a better delivery system, that is,
less drug leaching after administration, by combining
all mentioned advantages together with a different
drug loading method. Specifically, the approach of
intraoperative visualization, followed by intraoperative
therapy, is currently one of the most promising meth-
ods for complete eradication of malignant brain
tumors.12,27 As the singlet oxygen, a primary cytotoxic
reactive oxygen species ROS, has a lifetime of less than
3.5 μs, and can diffuse only a very short distance
(around 120 nm in water, but only 10 to 20 nm in vivo28),
the initial extent of the photodamage is limited to the
site of the PS drug molecule. This requires that the
designed PDT NPs are made of an oxygen-permeable
matrix and have a diameter of less than 200 nm, and
reasonable drug loading. The size of the NPs should

also be larger than 10 nm, as the tight endothelial
junctions of normal blood vessels typically are of 5 to
10 nm in size.29 The idea described here involves
combining such PDT NPs, with fluorescence imaging
agents, for simultaneous cancer imaging and delinea-
tion. The prepared multifunctional nanocarrier is
further modified by adding a tumor-targeting and cell
penetrating peptide, which seeks out and enters can-
cerous cells, as well as by adding PEGylation, so as to
prolong the blood circulation time. By taking advan-
tage of both the imaging and PDT agents, this novel
nanomedicine is expected to improve the ability of
surgeons to achieve maximal resection of tumors, with
the help of fluorescence guided tumormargin delinea-
tion, enhanced further by photodynamic therapy to be
performed after the tumor resection, for the removal of
any tumor tissues left behind. Herein, we report a novel
protocol for the preparation of such a multifunctional
nanomedicine, as well as the characterization needed
so as to evaluate the toxicity, sensitivity, and biode-
gradability of the prepared nanomedicine. Further-
more, we report on an in vitro investigation of the
targeted detection ability of the nanocarrier, and on its
synergistic tumoricidal efficacy on brain and breast
tumor cells.

RESULTS AND DISCUSSION

The synthetic procedure of themultifunctional poly-
mer nanomedicine is presented in Figure 1a. Amine-
functionalized polyacrylamide (AFPAA) PS conjugated
NPs were prepared by using a modified water-in-oil
microemulsion method.30 The PS, 2-devinyl-2-(1-
hexyloxyethyl) pyropheophorbide (HPPH), which is
very hydrophobic and currently in phase II human
clinical trials, shows large molar extinction coefficient
in the red region of the visible spectrum (660 nm), a
high singlet oxygen quantum yield of 0.48, and only
mild skin photosensitivity and has elicited in patients
considerably less potential for cutaneous phototoxicity
than for patients receiving Photofrin or Foscan.31 It has
been synthesized and modified to an HPPH-conju-
gated acrylamide derivative at Roswell Park Cancer
Institute (see Figure 1 for structures of HPPH andHPPH-
conjugated acrylamide32). After polymerization with
other monomers, HPPH becomes a part of the nano-
hydrogel matrix, which makes the nanomedicine ea-
sier to formulate, because of the higher solubility of the
hydrogel in aqueous solution, as demonstrated below.
Most importantly, the conjugated PSs are not released
after being administrated, as they are restrained to the
nanomedicine matrix region, which is beneficial with
respect to side effects reduction that HPPH by itself
may cause, and thus also enables a higher dose usage.
Conjugation of the cyanine dye (CD, see Figure 1 for
reaction schematics) to the NP (both its surface and
inside the matrix) was performed, based on standard
procedures,33 by taking advantage of the primary
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amino groups in the NP polymer chains and a carboxyl
group in the cyanine dye. Poly(ethylene glycol) (PEG)
was used to modify the surface of the NP, so as to
prolong blood retention time.34�38 The typical mor-
phology of the as-prepared NPs is shown in the inset of
Figure 1. The average size of the NPs is around 44 nm,
based on the results from dynamic light scattering
(DLS). This larger size derived from DLS, compared to
that measured from SEM (28 nm, averagely) can be
ascribed to the swelling of the hydrogel at aqueous
conditions.39�41 The payloads for the HPPH and CD
were calculated, based on absorption measurements,
to be 0.69 and 1.47 wt %, respectively. Thus the
numbers of PS and imaging agent molecules for each

NP were determined to be 75 and 98 per NP, respec-
tively. The number of targeting moieties was 8 per NP,
based on quantitative amino acid analysis (QAAA). Dye
leaching test results by using ethanol indicated that no
HPPH leached out, but 4% of CD in all filtrates collected
did. The leached out CD indicates that some of the CD
dyemolecules were not conjugated but adsorbed onto
the NP matrix during the postconjugation process.32

Most of the degradable and biodegradable poly-
mers contain hydrolyzable linkages, such as ester,
ortho-ester, and anhydride, in their backbones.42

Figure 2a shows the structure of the blank AFPAA NPs
designed. The degradation of AFPAA NPs is considered
to be a hydrolytic progress in which the cleavage of an

Figure 1. Synthetic procedure for the multifunctional polymer nanomedicines.
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ester group yields a carboxyl end-group and a hydroxyl
one, just like for other polyesters. Figure 2b shows the
particle size versus time relationship in a 1 M sodium
hydroxide solution. For accelerated NP hydrolysis, it
can be seen clearly that the particle size increases from
39.4 nm (Supporting Information, Figure 1) to 46.3 nm
during the first hour, and then starts to decrease,
indicating that the particle matrix chains start collaps-
ing. The observed changes in the particle size can be
ascribed to the hydrolysis of the hydrogel that occurs
when the nucleophile (i.e., hydroxyl ion) attacks the
carbon of the carbonyl group of the ester. In an aqu-
eous base, hydroxyl ions are better nucleophiles than
dipolar species such as water. The hydrolysis products
are compounds containing carboxyl groups (acids or
salts). As carboxyl groups increase the solubility of the
AFPAA NPs, as well as the repulsion between the neg-
atively charged carboxyl groups produced, the hydro-
gels swell more which causes the initial size increase.
As the hydrolysis of the esters proceeds, more ester
linkages of the matrix break down, causing rapid par-
ticle size decrease during the first several days, as
shown in Figure 2b. As the sodium hydroxide was

neutralized by the biodegradation products gradually,
the degradation speed decreased gradually over long-
er periods. After four weeks, the average size of the
hydrogel was already reduced to less than 5 nm.While,
in 1 mg/mL porcine liver esterase, similar processes
were observed, but without swelling, as esterase can-
not convert ester groups to carboxyl groups the way
sodium hydroxide did. Gel permeation chromatogra-
phy (GPC) results confirmed that small molecular
species were produced after hydrolysis. Smaller biode-
gradation products can enter the pores of the GPC
column more easily, and therefore spend more time in
these pores, thereby increasing their retention time.
Conversely, larger polymeric products spend little time
in the pores and are eluted quickly. The molecular
weights of the degradation products were calculated
on the basis of standard curves obtained by using the
retention time of polyacrylamide standards. After 4
days in porcine liver esterase aqueous solution, the
degradation products had molecular weights of 1142 Da
and 549 Da, indicating that the degradation process
was not homogeneous. Also, there were some big
pieces detected showing molecular weights around
500 KDa. Using sodium hydroxide did accelerate the
degradation process significantly; the calculated molec-
ular weight was 522 Da and 296 Da after 1 week storage
in 1 M NaOH at 37 �C, indicating that the NP matrix had
totally collapsed into shorter polymer fragments.
Surfacemodification of pharmaceutical nanocarriers

is normally used to control their pharmacokinetic be-
haviors in a desirable fashion while the nanocarriers
perform various therapeutic or diagnostic functions.35,43

Our modified nanohydrogels have attached PEG chains
and F3 peptides, which is confirmedbyQAAA results and
by a slightly positive surface charge (þ9 mV, by zeta
potential). The size of the nanocarriers after modification
is around 44 nm (by dynamic light scattering), which
enables the NPs to obtain a greater ability to target the
site of interest.1 Sterically stabilized nanocarriers, by the
PEG corona, have shown prolonged blood circulation
through avoidance of removal by the reticuloendothelial
systems (RES), which thus enhanced “passive” targeting
to solid tumors through the enhanced permeability and
retention effect, as NPs can penetrate through small
capillaries and are taken up by cells, which allows for
efficient drug accumulation.44 Although the leaky vascu-
lature of solid tumors enhances accumulation in tumor
tissues, significant NP uptake in the RES, such as liver and
spleen, has also been observed. To further improve
delivery, efficiency, and cancer specificity, a strong im-
petus has been placed on the development of nanopar-
ticulate systems that can actively target tumors through
molecular recognition of unique cancer-specificmarkers.
The F3 peptide, a 31-amino acid synthetic peptide
derived from a fragment of the high mobility group
protein 2, has been used as a tumor targeting marker
for cancer treatment.34,45 Tissue and cellular localization

Figure 2. Degradation study of AFPAA NPs: (a) structure of
blank AFPAA matrix designed, where the degradation
points are shownby arrows; (b) particle size vs time relation-
ship of AFPAA NPs in 1 M sodium hydroxide solution at
room temperature.
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of the F3 peptide indicated that this peptide homes
selectively onto tumor blood vessels (angiogenous
vasculature) and tumor cells and has the remarkable
property of being able to carry a payload into the
cytoplasm and even nucleus of the target cells.45 Thus
the attractive property of the F3 peptide is that it is
internalized into its specific target cells.34 The targeting
efficiency of our F3 guided nanomedicine was investi-
gated by using fluorescent NPs prepared with the same
AFPAA NPs but containing covalently linked rhodamine
dye and having approximately the same size and surface
charge as the HPPH containing nanomedicine for two
nucleolin overexpressing cell lines, the MDA-MB-435
breast cancer cell line and the 9 L human glioma cell
line.3 To evaluate the targeting efficiency, the PEGylated
NPswithout F3 attachmentwere prepared as a reference.
Figure 3a shows the in vitro targeting experimental
results for the NPs with optimized amounts of F3 pep-
tide. The strong fluorescence spectra of the rhod-
amine indicated that the F3 targeted AFPAA NPs were

bound/internalized to/by the cells just after 15 min
incubation, while there was no rhodamine fluorescence
detectable from the cells treatedwith NPs without the F3
attachment, not even after 4 h incubation. The optimized
amount of F3 was determined by measuring the fluores-
cence intensity of cells incubated by NPs with different
amounts of the F3-Cys attached. It can be seen from
Figure 3b and Table 1 that the F3-Cys gave amuchhigher
targeting efficiency than the F3 peptide. It also shows
that No.2 NPs with F3-Cys capped (Table 1, B2) have the
highest targeting efficiency, although the F3-Cys
amounts were less than for No.3 NPs (i.e., B3).
For the living cell study, the next thing investigated

was the dark toxicity of HPPH conjugated NPs without/
with surface modification. Stock NP solutions of HPPH
conjugated AFPAA NPs and F3-Cys targeted PEGylated
CD linked HPPH conjugated AFPAA NPs were made in
PBS buffer saline, respectively, to prepare a series of
different dye containing solutions. After incubation for
3 h, in incubator, MDA-MB-435 cells were washed with
fresh DMEM buffer three times, so as to remove any
residue NPs, and cell viabilities, after treatment with
NPs, were quantified by anMTT assay (Figure 3c). It can
be seen that the toxicity of the PS-conjugated NPs
increases gradually with the HPPH concentration (thus
the NP concentration), especially at concentrations
higher than 2 μM. As demonstrated before, AFPAA NPs
are not toxic at all30,46�49 for in vitro experiments, even at
higher concentrations (5 mg/mL). Thus, comparing all

Figure 3. (a) Confocal images showing the target-specificity of F3-Cys peptide in 9 L Glioma tumor cells. These results
illustrated the target-specificity of F3-Cys containing PEGylated rhodamine conjugated AFPAA NPs (left two: bright field
image and fluorescence image of rhodamine), in contrast to the corresponding nontargeted analog (right two: bright field
image and fluorescence image of rhodamine). The cells were incubated with NPs for 15 min and washed three times to
remove unbound NPs. (b) Fluorescence intensity of cells targeted by F3, F3-Cys, and nontargeted NPs in nucleolin rich MDA-
MB-435 cancer cell. (c) MTT assay of HPPH PSs and surface modified AFPAA NPs (triangle, HPPH only; square, HPPH
conjugated AFPAA NPs without surface modification; circle, F3-Cys targeted PEGylated CD linked HPPH conjugated AFPAA
NPs. HPPH concentration is 10 μM in 1 mg/mL NPs suspension). Note: These are “dark toxicity” tests.

TABLE 1. QAAA Results for Targeting Optimization Using

Different Amounts (Indicated as 1, 2, and 3) of Surface

ModificationMoieties ((A) F3; (B) F3-Cys; and (C) cysteine)

expt no. (A) F3 amount, μg (B) F3-Cys amount, μg (C) cysteine amount, μg

1 2.6 2.7 0.29
2 5.1 5.3 0.58
3 7.7 8.0 0.87
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results at the same concentration, it is the HPPH PS
itself that can be correlated with cell death, indicating
that some of the conjugated HPPHmay stay close to or
on the surface of the NPs. For nanocarriers with surface
modification (PEG þ F3-Cys), the dark toxicity was
found to be suppressed a lot, especially for the higher
dye loading amounts. These results are promising; as
demonstrated before, the targeted NPs are prone to
accumulate more in the cells compared with nontar-
geted ones for the same incubation time. That is, even
though there are more nanomedicines (nanocarriers),
that is more PSs, in each cell, because of the higher
cellular uptake of the targeted NPs, the toxicity of the
carriers is not increased, but rather decreased, because
of the PEG/F3-cys peptide corona. As there is no near-IR
camera available, CD was replaced by FITC for the
following in vitro experiments as the final modified
NPs have the same size and surface charge. Figure 4
shows the fluorescence images of impregnated MDA-
MB-435 breast cancer cells after 15min incubationwith
F3-Cys targeted, PEGylated, FITC linked, HPPH conju-
gated, AFPAANPs. It clearly shows a strong intensity for

both fluorophores loaded. The overlapped image shows
more than 90% in yellowish color (Adobe Creative Suite
CS4) indicating there is no leaking after NPs uptake and
these two fluorophore do not affect each other.
The PDT effectivity is largely determined by the

intactness of the drug itself,50,51 the drug's efficiency
of singlet oxygen production and the degree of effi-
ciency and selectivity at which the therapeutic PS is
delivered to the target site through delivery vehicle.
The calculated singlet oxygen produced to be 2.14 �
10�4/s (Supporting Information, Figure 2), which is very
close to the HPPH itself at the same dye concentration
indicating that the linking of targeting and imaging
agents does not affect the singlet oxygen production.
Our HPPH containing AFPAA nanomedicine did not kill
cells when incubated in the dark. However, both 9 L
human glioma and MDA-MB-435 breast cancer cells
were effectively killed by exposure to 647-nm light
(Figure 5). The results indicate that these HPPH-
containing NPs cause significant cellular damage in
the presence of light. The NPs, even at a very low con-
centration (1 μM), in combination with light, result in

Figure 4. Confocal image of F3-Cys targeted PEGylated FITC linked HPPH conjugated AFPAA NPs (from left to right: bright
field cell image; HPPH binding image; FITC binding image; and combining all images together).

Figure 5. Images of 9 L (upper row) and MDA-MB-435 (lower row) tumor cells treated with F3-Cys targeted PEGylated CD
linkedHPPH conjugatedAFPAANPswith 1 μMHPPH concentration, illuminatedwith 647 nm laser light (46 uW) for 1min, and
monitored everyminute thereafter. 9 L: (a) 0min (40�magnification); (b) 15min; (c) 20� zoomout image.MDA-MB-435: (d) 0min
(40� magnification); (e) 15 min; (f) 20� zoom out image.
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significant damage to the cells. That is, there are no
cells alive in the illumination area, while all the other
cells are alive without illumination. Finally, no dark
toxicity can be seen over the time span of the experi-
ment, which is longer than 4 h.

CONCLUSION

In summary, we have designed multifunctional bio-
degradable polyacrylamide nanoplatforms for a “see
and treat” strategy, by a combination of photodynamic
therapy and fluorescence imaging, for an interesting
possibility of cancer theranostics. Modification of the
nanoplatform with PEG and tumor targeting cell pene-
trating peptide enabled guiding the particles to speci-
fically targeted cancer cells and significantly reduced

the dark toxicity of the PSs conjugated to/into the
nanocarrier. An accelerated biodegradation study, in
sodium hydroxide or porcine liver esterase, demon-
strated the biodegradability of these polyacrylamide
nanomaterials in these aqueous solutions. Multifunc-
tional NPs containing both fluorophores and PS drugs,
as well as tumor-targeting moieties, did give bright
fluorescence images of specific tumor cells and also
generated singlet oxygen, only upon light irradiation,
resulting in an irreversible but selective destruction of
the cancer cells investigated. Specifically, no interfer-
ence was found among the multifunctionalities of the
nanoplatforms: (1) photodynamic activity, (2) fluores-
cence imaging, (3) targetability, (4) biodegradability.
Furthermore, the nontoxicity, in the dark, is preserved.

METHODS
HPPH Conjugated Amine Functionalized Polyacrylamide NPs Polymer-

ization. Hexane (45 mL; all chemicals obtained from Sigma
Aldrich unless otherwise stated) was added into a dried
100 mL round-bottom flask and stirred under a constant purge
of argon. Dioctyl sulfosuccinate (1.6 g) and Brij 30 (3.1 g) were
added to the reaction flask and stirring was continued under
argon protection. In the mean time, acrylamide (0.711 g) and
3-(aminopropyl) methacrylamide (0.055 g) were dissolved in
phosphate buffer saline (PBS, pH= 7.4) in a glass vial and 4mgof
HPPH-conjugated acrylamide derivative was dissolved in gly-
cerol dimethacrylate (0.537 g) by sonication for 15 min. The
latter mixture was added to the acrylamide solution, and the
reaction mixture was sonicated for 5 more minutes to obtain a
uniform solution. The solution was then added to the hexane
reaction mixture and vigorously stirred for 20 min at room
temperature under argon protection. Polymerization reaction
was initiated by adding freshly prepared ammonium persulfate
(50% aqueous solution, 100 μL) and N,N,N0 ,N0-tetraethylmethy-
lenediamine (100 μL), and the resulting solution was stirred
vigorously at room temperature for 2 h. At the completion of
polymerization, hexane was removed by rotary evaporation,
and the particles were precipitated by the addition of ethanol
(Fisher Scientific). The surfactant and unreacted monomers
were washed away from the particles with ethanol (5 �
160 mL) followed by washing with water (5 � 100 mL) in an
Amicon stirred cell (200 mL, equipped with a Biomax 500 kDa
cutoff membrane). The concentrated NPs were lyophilized for 2
days before use. The particles were also sized by using dynamic
light scattering (DLS, Delsa Nano C), and a scanning electron
microscope (SEM, Philips ESEM XL30) was also used to investi-
gate the size and morphology of all the NPs obtained.

Rhodamine-Conjugated AFPAA NPs. The same recipe as pre-
viously described for blank NPs26,32 was followed to make the
rhodamine conjugated NPs except that 10 mg of 5-(and 6-)
Carboxy-X-rhodamine, succinimidyl ester (Anaspec, Inc.) was
added into the monomer solution and stirred for 1 h at 37 �C
before being injected into hexane for polymerization.

FITC Linked HPPH Conjugated AFPAA NPs. The same recipe as
previously described was followed tomake the FITC (Invitrogen,
Inc.) linked NPs except that the blank NPs were replaced by the
HPPH conjugated ones.26

CD-Linked HPPH Conjugated NPs. CDwas first modified by taking
advantage of its carboxyl groups. N-Hydroxysulfosuccinimide
(Sulfo-NHS, Thermo Scientific) is used to increase the efficiency
of EDC-mediated coupling reactions.52,53 Specifically, 1 mg of
CD was dissolved in MES buffer (pH 6.0), followed by adding
10 mg of 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro-
chloride (EDC) and 30 mg of Sulfo-NHS. After 15 min reaction,
the resultant product was added into HPPH conjugated AFPAA
NPs in PBS saline under stirring. Sodium hydroxide aqueous

solution (1M) was used to adjust the pH value to 7.0 or above to
initiate the reaction between amine group and O-acylisourea.
After the reaction was completed, the excess dye was removed
from the suspension through anAmicon stirred cell equilibrated
with a 100 KDa membrane. The resulting bifunctional NPs were
then ready for further surface modification.

Surface Modification of Drug-Loaded AFPAA NPs. The remaining
terminal amines of theNPswere conjugatedwith F3-Cys or PEG-
SH. This was realized by reaction between amino groups of NPs
and sulfosuccinimidyl-4-(N-maleimidomethyl) cyclohexane-1-
carboxylate (SMCC, ThermoScientific). F3-Cys (PolypeptideGroup)
or PEG-SH (Creative PEGWorks) is attached to the NP through a
stable thioether bond that is not susceptible to breakage under
reducing conditions.54 For surface modification, we prepared a
stock solutionofNPsbydissolving100mgofNPs in 5mLof 10mM
PBS buffer at pH 7.4. A 6 mg sample of SMCC was weighed and
added directly into the stock NPs suspension, and themixturewas
allowed to react for half an hour at room temperature. After the
reaction of SMCC with NPs, the excess SMCC was removed by
using a Millipore centrifugal tube equipped with a 100 KDa
membrane. After washing, different amounts of F3-Cys were then
added to the resulting sulfhydryl-reactive NPs, and the mixtures
were stirred overnight. PEG-SH was added directly to the final
products the next day and allowed two more hours reaction.
Unreacted F3-Cys and PEG-SHwere removed from the suspension
through washing by using the same centrifugal unit.

F3-Cys Amount Optimization. The same method as the above-
mentioned one was used for surface modification. Three differ-
ent molar amounts of cysteine, F3, or F3-Cys were selected based
on our previous experiences. The rinsing procedures described
above were followed, so as to remove any residues before they
were sent out for QAAA analysis.

Characterization. UV�vis and Fluorescence Spectra. The
amount of CD covalently binding to NPswas controlled through
stoichiometry and reaction conditions and then quantified by
fluorescence spectroscopy. The emission intensity of a dilute
sample of NP-CD at 843 nm was compared to a linear standard
prepared using various concentrations of CD. The number of
NPs was calculated on the assumption that AFPAA hydrogel has
a density which is the same as DI water. The size of the AFPAA
NPswas determined byDLS to be 44 nm. Using this information,
we determined the mass of one NP to be 1.15 � 10�17 g and
that the reaction yielded 98 fluorophores per NP. Similarly, the
numberof F3 andF3-Cyspeptides andHPPH linked toeachNPwas
quantified using QAAA (Laboratory for protein chemistries, Texas
A&M university) and UV�vis spectroscopy, respectively. From
these analyses, the average number of F3-Cys molecules per NP
was determined to be 8, while the number of HPPH per NP is 75.

Targeting Efficiency Measurement. The 9 L cells were main-
tained in complete Dulbecco's Modified Eagle Medium (DMEM)
that consisted of a-MEM with 10% fetal calf serum, L-glutamine,
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penicillin, and streptomycin at 37 �C, 5%CO2, 95% air, and 100%
humidity and then seeded in 96-well plates at a density of 5000
cells/well. After overnight incubation at 37 �C the functionalized
NPs were added followed by incubation at 37 �C for 15min. The
cells were washed thoroughly for three times by using sterilized
DMEM media to remove any untargeted NPs. The cell images
were acquiredwith a Perkin-Elmer Ultra View confocalmicroscope
system equipped with an argon�krypton laser. The intensity of
the fluorophore was quantified as previously described.32

MTT Assay. MDA cells were maintained in complete DMEM
cell media at 37 �C, 5% CO2, 95% air, and 100% humidity. Cells
were seeded in 96-well plates at a density of 5000 cells/well.
After overnight incubation at 37 �C the NPs were added at
0.1mg/mLand incubatedat 37 �C for 3h in thedark. Thecellswere
washed thoroughly by using sterilized DMEM media for three
times, followed by adding 35 μL of 5.0 mg/mL solution in PBS of
3-[4,5-dimethylthiazol-2-yl]-2,5- diphenyltetrazoliumbromi (MTT)
and 165 μL of cell media. After 4 h the MTT and medium were
removed and 200 μL DMSOwas added to solubilize the formazan
crystals. Absorbances were read on a microtiter plate reader at
550 nm. Each experiment was done with four replicate wells.

Singlet Oxygen Production Measurement. A chemical probe
method as described previously32 was used to check the singlet
oxygen production efficiency.

Laser-Induced in Vitro PDT. MDA-MB-435 and 9 L tumor cells
were grown as described in the previous section. These cells
were plated in 6-well plates in completemedia. The next day, PS
and drug-loaded NPs were added at variable concentrations,
respectively, together with 2 mL of Hanks 1� balanced salt
solution containing 10mMpHbuffer HEPES, 0.1 μMCalcein-AM,
and 10 μM propidium iodide (PI). Calcein acetoxymethyl ester
(Calcein-AM), a cell-permeant dye, was used to determine cell
viability both before and after the photodynamic treatment. In
live cells the nonfluorescent Calcein-AM is converted to a green-
fluorescent Calcein, after acetoxymethyl ester hydrolysis by
intracellular esterases. Meanwhile, PI marks the nuclei once
the integrity of the cell membrane is compromised, that is,
detecting dead or dying cells. After 1 h incubation in the dark at
37 �C, the cells were replaced with fresh media and exposed to
light at a dose rate of 3.2mW/cm2 at various light doses. The dye
laser excited by an argon ion laser was tuned to emit the drug-
activating wavelength, 647 nm. Following illumination, the cell
images were acquired with a Perkin-Elmer UltraView confocal
microscope system equippedwith an argon�krypton laser. Pre-
exposure images were taken with an oil immersion 60� objec-
tive lens in two channels (488 nm excitation of the Calcein
converted from Calcein-AM, and 568 nm excitation of the PI).
Images were taken every two minutes, for up to 2 h, to monitor
cell death. Finally, a 20� objectivewas used to broaden the field
of view and allow concurrent comparison of the cells exposed to
light along with those that had not been exposed.

The cells were first washedwith buffer and then fresh DMEM
medium was added. Calcein, PI, and F3-Cys targeted PEGylated
CD linkedHPPH conjugated AFPAANPswere added into the cell
medium. After 15 min incubation, the NP residues were re-
moved by using fresh DMEMmedia, followed by illumination at
647 nm, and monitored thereafter.
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