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Abstract Hypocrellins, natural photosensitizers includ-
ing hypocrellin A (HA) and hypocrellin B (HB), have been
used as a traditional Chinese herbal medicine to cure var-
ious skin diseases. Hypocrellins have excellent antiviral
activity, which can inhibit the growth of human immuno-
deficiency virus. They also exhibit significant light-induced
antitumor property. In this article, thermal analysis tech-
nologies (e.g., differential scanning calorimetry and ther-
mogravimetry) are employed to characterize whether the
photosensitive hypocrellin A could be encapsulated with
silica nanoparticle (SN) material or not, and evaluate the
stability of inclusion complex. The results show that the
inclusion complex exhibits improved performance in both
stability and hydrophilicity than natural hypocrellin A.
Fluorescence spectrophotometry studies have also been
performed to verify the thermal analysis results. The results
suggest that the thermal analysis technology could be used
as an effective and rapid tool to characterize the encapsu-
lation properties of the novel anticancer HA-SN complex.
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Introduction

Hypocrellins (hypocrellin A and B, referred to as HA and
HB, as shown in Fig. 1) are some natural photosensitizers
(PS). They can be extracted from Hypocrella bambuase,
and have been used as a valuable traditional Chinese herbal
medicine to cure various skin diseases [1]. The hypocrel-
line have excellent antiviral activity to inhibit the growth of
the human immunodeficiency virus. Recently, these natural
perylenequinoid compounds have been observed to exhibit
significant light-induced antitumor and antiviral activities,
especially for human immunodeficiency virus (HIV). Some
novel advantages of Hypocrellins were reported, such as
easy preparation and purification, strong infrared light
absorptivity, high quantum yields of singlet oxygen, rapid
metabolism in vivo, and nearly no dark toxicity etc. [2, 3].
Therefore, hypocrellins are suggested to have great
potential in the development of new generation photody-
namic therapy (PDT) drug.

The wavelength range of PDT for malignant tumor in
clinic should be 600900 nm and the penetration depth is
about several mm to 1 cm. However, the central absorptive
wavelength of nature HA is just close to 500 nm and the
penetration depth is only 1 mm, which cannot satisfy the
requirement of PDT. In recent years, hypocrellin-related
researches have been focused on how to extend the
absorptive wavelength range of HA, as well as the mech-
anism of the antitumor activity [4-8]. However, as an
anticancer PDT medicine, hyprocrellins always tend to
aggregate into clusters in blood to block the vessels
because of the relatively lower water insolubility, so that it
is difficult to deliver the pharmaceutic formulations to the
desire area. In other words, the major obstacle to the PDT
development of hyprocrellins is their poor water solubility.
In order to solve this problem, porous hollow silica
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Fig. 2 Photosensitive dynamic schematic of HA-SNs (HA-silica
nanoparticles)

nanoparticles (SNs) were developed in this study as carriers
for photosensitive drug delivery. Inclusion complexes,
hypocrellin A-silica nanoparticles (HA-SNs) are com-
pounded by encapsulating HA in the shell of SN. Com-
paring with conventional drug delivery systems, SNs with
the porous shell structure will allow the active oxygen
species produced from photosensitizing drug HA to per-
meate easily through the pores in the shell, without
releasing the photosensitive drugs themselves [9, 10] (as
shown in Fig. 2).

Considering phototoxic side effects which might be
induced if the photosensitive drugs were adhered on the
external shell surface of SN, it is necessary to verify
whether the photosensitive drug HAs are encapsulated in
the shell or just adhered on the external surface of shell.
Thus, this study aimed at developing a fast and effective
technology to characterize the anticancer drug HA-SN,
which is very important for improving the development of
HA-related PDT drugs.

Thermal analysis techniques are modern analytical
methods that were developed rapidly with the development
of micro-quality and microcomputer technology since
1980s. This kind of method was first used in biological and
medical researches [11, 12]. Then, the applications in
materials research (e.g., polymer materials, metal
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materials, organic proteins, etc.) were developed rapidly.
As reported in lots of literatures, thermal analysis plays an
important role in evaluating the properties of composite
materials (e.g., the mechanisms of crystallization, the
denaturation temperature, transition temperature of drug in
acidic area, the thermotropic phase behavior of phospho-
lipid, thermodynamic information, clarifying the energetics
of macromolecule transitions and in characterizing their
thermal stability, the mechanism of entropy-driven pro-
cess.) [13—19]. In this study, the thermal characteristics of
anticancer drug HA-SN and related materials were ana-
lyzed with the differential scanning calorimetry (DSC) and
thermogravimetry (TG). The DSC method could be used to
study the material’s enthalpy and glass transition temper-
atures. For instance, Gonzalez-Irin Rodriguez et al. [20]
studied the effect of silica nanofiller on the glass transition
of a polyurethane with DSC. They found the glass transi-
tion temperature was not significantly affected by different
fillers applied to the polymer, even for different amounts of
silica particles, size, and surface treatment when mixed
with the polymer. Besides, the TG analyses could be used
to measure the mass loss of samples [21, 22].

In this article, we intended to determine whether HA
could be encapsulated in SN to form photosensitive drug
effectively, with thermal analysis techniques and fluores-
cence spectrophotometry. Thermal analyses were also
applied to characterize the thermal properties of these
particles (e.g., HA, SN, HA-M-SN, SN-A-HA, and HA-
SN), and evaluate the thermal stability of HA-SN. So far,
no reports have been published regarding the character-
ization of both HA and HA-SN with thermoanalysis.

Materials and experimental methods
System calibration

Differential Scanning Calorimeter (DSC, Perkin-Elmer US,
Diamond) and Thermogravimetric Analyzer (TGA, Perkin-
Elmer US, Pyris 1) were calibrated with the standard sub-
stance Indium (In), Zinc (Zn), Alumel, Perkalloy, Nickel
respectively, and the fluorescence spectrometer (Perkin-
Elmer, US, LS-50B) was calibrated using standard solution
sulfuric acid, quinine sulfate (p = 1.00 x 107> g/mL,
sulfuric acid C(H,SO,4) = 0.05 mol/L) [23-25].

Materials

HA was isolated from the fungus sacs of Hypocrella
bambusae. The SN, three-aminopropyl triethoxysilane, was
purchased from Aldrich Chemical Co., USA. The inclusion
complex HA-SN and the silica-nanovector adhered with
HA (SN-A-HA) were prepared, as well as the mixture of
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HA and SN (M-HA-SN) that was prepared by simply
mixing HA with SN.

Experiments
DSC measurement

Samples, each weighing 5-6 mg, of SN, HA, HA-SN, SN—
A-HA, and M-HA-SN were taken into the aluminum (Al)
pan. Then, the Al pan was sealed, and heated from 25 to
500 °C at 10 °C/min heating rate in argon atmosphere.

Meanwhile, the DSC curves were recorded, as shown in
Fig. 3.

Thermogravimetric analyzer measurement

Samples, each weighing 5 mg, of SN, HA, HA-SN, SN-
A-HA and M-HA-SN samples were taken into the Pt pan,
and heated from 25 to 800 °C at 10 °C/min heating rate in
nitrogen atmosphere. Meanwhile, TG curves were recor-
ded, as shown in Fig. 4.

Fluorescence spectral measurement

The samples of SN, HA, HA-SN, SN-A-HA were dis-
solved in double-distilled water. Then, the solution was
clarified by sonicating with an ultrasonic cleaner (KuShan
Ultrasonic Instrument Co. Ltd., China, KQ3200B). The
fluorescence spectra were measured with fluorescence
spectrometer: E., = 480 nm, scanning from 500 to
800 nm. All the fluorescence spectra were recorded with
the same ordinate, and each emission slit was of 5 nm. All
spectra were measured at room temperature (25 °C).

ol
©

C
L

=

£

2

K]

©

[}

T

0 1 i i i 1
100 200 300 400 500
Temperature/°C

Fig. 3 DSC curves of (a) SN, (b) HA, (¢) HA-M-SN, (d) HA-SN,
and (¢) SN-A-HA
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Results and discussion
Silica polymerization mechanism

Silica could be hydrolyzed in alcoholic or aqueous envi-
ronment. As illustrated in Fig. 5, —R in the structure of SN
could be substituted by —OH in the water molecular. Under
the alkaline conditions, dehydration and condensation
would take place in the silica. Eventually, nanometer par-
ticles were compounded which has three-dimensional net-
work structure with the HA encapsulated inside (see
Fig. 6). The diameter range of silica particles was about
50-80 nm.
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Fig. 6 Silica polymerization mechanism
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DSC characterization

The results of measured DSC curves of SN, HA, HA-M-
SN, HA-SN, and SN-A-HA are plotted in Fig. 3. There
are two peaks observed at 95.13 and 427.93 °C in SN curve
(curve a). As we mentioned in Sect. “Silica polymerization
mechanism”, SN was hydrolyzed in alcoholic or aqueous
environment. The reason for the appearance of the former
peak is that water or alcohol has been evaporated at
95.13 °C. And the latter peak corresponds to the breakage
of —OH and —-NH,. HA would melt at 221.93 °C so that an
endothermic peak could be observed in curve b (the
melting enthalpy can be calculated as 43.45 J/g based on
the measurement observed from the HA DSC curve). HA
begins to decompose at 328.33 °C which corresponds to
the peak indicative of the initiation of exothermic reaction.
In the DSC curve of HA-M-SN (curve c), three endo-
thermic peaks appear at 100, 220.13, and 423.53 °C, and
one exothermic peak is observed at 327.00 °C. All these
four peaks are highly correlated to the corresponding peaks
appearing in the SN DSC curve or the HA one, which
indicates that the mixture of HA and SN has s non-
homophase state. On the contrary, HA-SN curve (curve d)
is significantly different from other curves. The latter has
only a mild dehydrate endothermic peak at 100 °C nearby,
while no peaks could be observed at 221.93, 328.33, or
42793 °C. On the contrary, in HA-SN curve, a new
endothermic peak appears at 373.00 °C, which is higher
than the corresponding temperature of HA. Similar endo-
thermic peak can be observed in the curve e (SN-A-HA
DSC curve), although it appears at the temperature 5 °C
lower than that of HA-SN. The comparison between the
endothermic peaks in the DSC curves of HA, HA-SN, and
SN-A-HA implies that a new phase might be generated in
the HA-SN complex and SN—-A-HA due to the formation
of the hydrogen band between HA and —-NH,. For SN-A—
HA, the hydrogen bands are linked between HA particles
and —-NH, on the external surface of SN. However, it is
speculated that hydrogen bands might be generated
between HA particles and —-NH, that lies on the inner
surface of SN when HA particles are encapsulated in the
SN, since the endothermic peak in the HA-SN curve
occurs at the temperature 5 °C higher than that of the SN—
A-HA. The different endothermic peaks in HA-SN and
SN-A-HA curves also suggests that DSC analysis could be
used as an effective tool to determine whether HA particles
are encapsulated inside SN or just adhered on its external
surface.

TG characterization

Based on TG analysis, we could further determine whether
HA is in the core of silica-nanovector or not, and we could
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also evaluate the thermal stability of HA-loaded silica
nanovectors. As shown in Fig. 4, the TG curve of SN
(curve c) indicates that the lost weight of SN is 26% when
the temperature increases from room temperature to
200 °C. The onset temperature required to initialize the
decomposition reaction of SN should be at 414.66 °C with
the lost weight of 36.76%, which should correspond to the
endothermic reaction peak (at 427.93 °C) in the SN-DSC
curve (see Fig. 3). The TG curve of HA (curve a) suggests
that a very little loss of alcohol or water would occur when
the temperature is lower than 200 °C, since the lost weight
is as low as 1.11%. The onset temperature for HA
decomposition reaction should be 301.55 °C. As men-
tioned in Sect. “DSC characterization”, HA would melt at
221.93 °C, which is much lower than 301.55 °C. This
observation implies that HA would melt first, and then get
decomposed. Three weight loss step temperatures in HA—
M-SN TG curve (curve b) could be correlated to corre-
sponding feature temperatures observed in the TG curves
of SN and HA (as listed in Table 1), which proves that the
mixture of SN and HA were formed just by physical
mixing.

Moreover, Table 1 shows that the hydrophilicity of HA—
SN (curve d) should be better than HA and HA-M-SN,
because its lost weight is 17% at the temperature lower
than 200 °C, which is larger than the values of HA and
HA-M-SN. The HA-SNs decomposition temperature
(356.42 °C) is about 55 °C higher than that of HA, and
about 18 °C higher than that of SN-A-HA, which is con-
sistent with the results of DSC analyses, which showed that
the endothermic temperature of HA-SN is higher than the
values of HA and SN-A-HA. It indicates that it might be
harder for HA—-SN to decompose than both HA and SN-A—
HA, which means that the stability of HA-SN should be
better than that of HA. The likely explanation might lie in
the increased thermal conduction of HA after it was
encapsulated in SN. In other words, SN can greatly
improve the thermal stability of HA by encapsulating HA
in the core. Table 1 also shows that the lost weight of HA—
SN (17%) is larger than that of SN-A-HA (13.28%)
because, in the HA-SN complex, HA particles are

Table 1 Results of the samples of TG

SN HA  HA-M-SN HA-SN SN-A-HA
AY* (%) 2600 111 12.00 17.00  13.28
Toneett™ (°C)  414.66  301.55 302.95 356.42  337.93

Tonsch (OC) 414.66

* AY; was the percent weight loss before 200 °C

** Tonset1 Was the intersection point with the tangent which was
obtained from the largest loss weight rate intersected with the base-
line, which is the initial temperature of the first decomposition step in
TG curves
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Fig. 7 Emission spectra of: (a) HA-SN, (b) SN-A-HA, (c) HA in
DMF/water, and (d) SN. The excitation wavelength is 480 nm

encapsulated in SN instead of being adhered on the
external surface of SN.

Therefore, the results of TG analyses indicate that HAs
can be encapsulated in SNs successfully, and it would
result in the improvement of the thermal stability of HA.

Spectroscopic characterization

In order to verify the thermal analysis results, the fluores-
cence emission spectra (excitation wavelength is 480 nm)
of HA-SN, SN-A-HA, HA in DMF/water, and void SN
were also measured and plotted in Fig. 7. It is obvious that
almost no fluorescence spectrum could be observed for SN
within the wavelength range between 520 and 800 nm.
And the fluorescence intensity of HA—SN is much stronger
than those of free HA and the SN-A-HA. It is speculated
that the pure HA and HA—-A-SN might stay in a hydrated
environment and that the emitted fluorescence could be
quenched by water. However, when HA particles were
encapsulated in SN, they were located in the inner surface
of SN with a hydrophobic environment, which could pro-
tect the emitted fluorescence from being quenched. Thus,
the results of spectroscopic analysis suggest that HA par-
ticles can be encapsulated in SN successfully, which agree
with the observations obtained with thermal analysis
methods (e.g., DSC and TG).

Conclusions

Thermal technologies (e.g., DSC and TG) were applied to
HA, SN, HA-M-HA, SN-A-HA, and HA-SN. The results
show that hypocrellin A, a photosensitive drug, could be
encapsulated in SN successfully. Fluorescence spectro-
photometry was also performed to verify whether HA

could be encapsulated in SN. The results of thermal tech-
nologies also show that SN could improve the thermal
stability of HA, because hydrogen bands might be formed
between HA and —NH, which lies on the inner surface of
SN when HA sits in the core of SN. In addition, it shows
that the hydrophilicity of HA—SN complex should be better
than free HA. This study also verifies that thermal analysis
technologies could be used as an effective and rapid tool to
determine whether the HA is successfully encapsulated in
SN or not, and characterize the properties of the encapsu-
lated HA-SN complex.
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