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a high antibody load remain a challenge for practical use. In this study, a novel injectable hydrogel com-
posed of maleimide-modified y-polyglutamic acid (y-PGA-MA) and thiol end-functionalized 4-arm poly
(ethylene glycol) (4-arm PEG-SH) was developed for the subcutaneous delivery of trastuzumab. y-PGA-
MA and 4-arm PEG-SH formed a hydrogel through thiol-maleimide reactions, which had shear-thinning
properties and reversible rheological behaviors. Moreover, a high content of trastuzumab (>100 mg/mL)
could be loaded into this hydrogel, and trastuzumab demonstrated a sustained release over several weeks
through electrostatic attraction. In addition, trastuzumab released from the hydrogel had adequate sta-
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Thiol end-functionalized 4-arm poly bility in terms of its structural integrity, binding bioactivity, and antiproliferative effect on BT-474 cells.
(ethylene glycol) Pharmacokinetic studies demonstrated that trastuzumab-loaded hydrogel (Her-hydrogel-10, composed
Trastuzumab of 1.5% y-PGA-MA, 1.5% 4-arm PEG-SH, and 10 mg/mL trastuzumab) and trastuzumab/Zn-loaded hydro-

gel (Her/Zn-hydrogel-10, composed of 1.5% y-PGA-MA, 1.5% 4-arm PEG-SH, 5 mM ZnCl,, and 10 mg/mL
trastuzumab) could lower the maximum plasma concentration (Cpax) than the trastuzumab solution.
Furthermore, Her/Zn-hydrogel-10 was better able to release trastuzumab in a controlled manner, which
was ascribed to electrostatic attraction and formation of trastuzumab/Zn nanocomplexes. In a BT-474
xenograft tumor model, Her-hydrogel-10 had a similar tumor growth-inhibitory effect as that of the tras-
tuzumab solution. By contrast, Her/Zn-hydrogel-10 exhibited a superior tumor growth-inhibitory capa-
bility due to the functionality of Zn. This study demonstrated that this hydrogel has potential as a
carrier for the local and systemic delivery of proteins and antibodies.

Statement of Significance

Recently, novel sustained-release formulations of therapeutic antibodies have attracted much attention.
However, these formulations should be able to carry a high antibody load owing to the required high
dose, and these formulations remain a challenge for practical use. In this study, a novel injectable chem-
ically cross-linked hydrogel was developed for the subcutaneous delivery of trastuzumab. This novel
hydrogel possessed ideal characteristics of loading high content of trastuzumab (>100 mg/mL), sustained
release of trastuzumab over several weeks, and maintaining adequate stability of trastuzumab. In vivo
studies demonstrated that a trastuzumab-loaded hydrogel possessed the ability of controlled release of
trastuzumab and maintained antitumor efficacy same as that of trastuzumab. These results implied that
a y-PGA-MA and 4-arm PEG-SH-based hydrogel has great potential in serving as a carrier for the local or
systemic delivery of therapeutic proteins or antibodies.
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in the areas of cancer and inflammation. More than 50 mAbs were
under late-stage clinical trials in 2016, and over 70 mAbs will be on
the market with estimated global sales of US$125 billion by the
end of 2020 [1,2]. To date, the majority of mAbs are injected
through the intravenous (IV) route, thus requiring huge doses,
which lead to patient inconvenience and high medical treatment
costs. Therefore, regional injection of mAbs for systemic or local
treatment might be an efficient strategy for delivering mAbs.

Several novel strategies for delivering mAbs were recently
developed. Hyaluronidase (rHuPH20) can temporarily degrade
hyaluronan in the subcutaneous (SC) region, thus leading to a five-
fold increase in the allowable injection volume and improving the
bioavailability of mAbs [3]. Herceptin® (trastuzumab) or
MABTHERA® (rituximab) combined with rHuPH20 was success-
fully developed as an SC product on the market in 2013 and
2014, respectively. In addition, an intra-articular injection of anti-
tumor necrosis factor (TNF)-oo Ab exhibited prolonged drug expo-
sure and improved efficacy in arthritis treatment [4-6].
Furthermore, controlled release systems of Abs through micropar-
ticles or injectable hydrogels are capable of increasing drug expo-
sure times in desired regions, thus enhancing therapeutic efficacies
and reducing high drug concentration-related side effects. For
instance, an intravitreal (IVT) injection of vascular endothelial
growth factor (VEGF) Ab-loaded sustained release formulations
could maintain effective drug concentrations for several months
and possess therapeutic advantages in treating age-related macu-
lar degeneration (AMD) [7-9]. Local sustained release of an epider-
mal growth factor receptor (EGFR) Ab (trastuzumab) or VEGF Ab
(bevacizumab) through an injectable hydrogel enhanced the anti-
tumor efficacy [10-12]. Moreover, cancer immunotherapy using
checkpoint-blocking antibodies such as a programmed death
(PD)-1 Ab and cytotoxic T-lymphocyte-associated protein (CTLA)-
4 Ab exhibited promising antitumor efficacies compared to exist-
ing cancer treatments. However, these Abs resulted in many side
effects termed immune-related adverse events (irAEs) [13]. Local
slow release formulations indicated that low doses of
immunomodulatory Abs were capable of inducing sufficient
immune responses, as well as systemic high doses, without leading
to adverse effects [14-16].

Despite previous great achievements in providing better Ab
delivery strategies, challenges still exist in the clinical use of these
formulations. High Ab loading of sustained release formulations is
an important requirement for clinical use due to a limited injection
volume for SC (ca. 1.5 mL) and IVT (ca. 0.05 mL) injections [17,18].
Hydrogel formulations are extremely versatile drug delivery vehi-
cles for small molecules and biological macromolecules and pos-
sess wide applications. For examples, active molecule-
encapsulated pH-responsive/self-healing hydrogels are suitable
for oral delivery, cancer treatment, and wound dressing [19-21].
Injectable gel formulations also have an advantage compared to
microparticle formulations because they provide high protein
loading of >30% [22]. Moreover, mAbs in hydrogels still maintain
their structural integrity and bioactivity for several weeks [8-
12,23,24]. More importantly, injectable hydrogel-encapsulated
therapeutic Abs based on electrostatic interactions exhibit Ab sus-
tained release with characteristics of lowering the maximum
plasma concentration (Cpax) and postponing the time to the max-
imum concentration (Tpax) [12,23,24]. y-Polyglutamic acid (y-
PGA), composed of repeating units of glutamic acid connected by
amide linkages between o-amino and <y-carboxyl groups, is an
anionic and biodegradable biopolymer that has been applied in
drug delivery, biological adhesives, food industry, cosmetics, etc.
[25]. Poly(ethylene glycol) (PEG) hydrogels have been extensively
employed in pharmaceutical applications and controlled drug
release and provide stability for loaded protein drugs [26,27].
Moreover, Zn ions can coordinate with proteins and increase their

stability during the formulation process [28,29]. Therefore, it is
expected that a hydrogel consisting of y-PGA, PEG, and Zn could
be used as a reservoir for the sustained release of stabilized pro-
teins. At present, Herceptin® is used for treating HER2-
overexpressing breast cancer and metastatic gastric cancer and is
administrated every 3 weeks through an IV or SC route. Therefore,
an injectable hydrogel capable of high trastuzumab loading
(>100 mg/mL) and the sustained release of trastuzumab could pro-
vide benefits of high local drug concentrations and sufficient sys-
temic drug exposure for local and metastatic cancer treatments.

Herein, we developed novel chemically crosslinked hydrogels
composed of y-PGA-MA and 4-arm PEG-SH, which formed hydro-
gels through the thiol-maleimide reaction (Fig. 1). This highly neg-
atively charged hydrogel was intended to carry high
concentrations of trastuzumab (>100 mg/mL), and trastuzumab/
Zn complexes should enhance the stability and retention of trastu-
zumab in the hydrogel. Rheological properties and morphologies of
the hydrogels and the release behavior, structural integrity, and
binding activity of trastuzumab released from these hydrogels
were investigated. Furthermore, the antiproliferative effects of
the released trastuzumab on human BT-474 breast cancer cells
were studied to confirm the in vitro anticancer efficacy. Further,
in vivo pharmacokinetic (PK) studies were performed to determine
changes in plasma trastuzumab concentrations after being treated
with a trastuzumab solution and the trastuzumab-loaded hydro-
gels. Finally, the in vivo antitumor efficacies of the various trastu-
zumab formulations were determined using a BT-474 xenograft
tumor model.

2. Materials and methods
2.1. Materials

Herceptin® was purchased from Roche (Basel, Switzerland). y-
Polyglutamic acid sodium salt (y-PGA-Na) (Mw 200-400 kDa) was
purchased from Vedan (Taichung, Taiwan). N-(2-Aminoethyl)
maleimide trifluoroacetate salt (AEM), N-hydroxysuccinimide
(NHS), N-(3-dimethylaminopropyl)-N'-ethylcarbodiimide hydrochlo-
ride (EDC-HCl), and 3,3’,5,5'-tetramethylbenzidine (TMB) were pur-
chased from Sigma-Aldrich (St. Louis, MO, USA). The 4-arm PEG-SH
(Mn 5000) was purchased from SINOPEG (Xiamen, China). Zinc chlo-
ride was purchased from Alfa Aesar (Heysham, UK). All other chemi-
cals were reagent grade and were used as received.

2.2. Synthesis of y-PGA-MA

v-PGA-Na (500 mg, 3.3 mmol) and AEM (500 mg, 2.0 mmol)
were dissolved in 10 mL of deionized water. NHS (115 mg,
1.0 mmol) and EDC-HCI (190 mg, 1.0 mmol) were then sequentially
added to the above solution. The reaction mixture was stirred at
1000 rpm for 48 h at room temperature. Thereafter, the solution
was dialyzed (Spectra/Por MWCO 3500, Spectrum, USA) against
0.1 M acetate buffer of pH 5.0 for 2 days and then against deionized
water for an additional 2 days. The solution was next filtered
through a 0.22-pum filter and lyophilized. y-PGA-MA was obtained
as a pale yellow powder. The degree of substitution (DS) (carboxyl
groups reacting with maleimide) was determined by 'H nuclear
magnetic resonance (NMR) spectroscopy (Varian 500 MHz NMR
spectrometer, Varian, USA).

2.3. Preparation of trastuzumab-loaded hydrogels composed of y-PGA-
MA and 4-arm PEG-SH

Trastuzumab powder dissolved in deionized water was
desalted, buffer exchanged, and concentrated to achieve the
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Fig. 1. Schematic illustration of a trastuzumab-loaded hydrogel composed of y-poly glutamic acid (PGA)-maleimide (MA) and thiol end-functionalized 4-arm poly(ethylene

glycol) (4-arm PEG-SH).

desired concentration of trastuzumab containing 0.9% NaCl by
ultrafiltration using Spin-X® UF 30K MWCO Concentrators (Corn-
ing, USA). Proper amounts of y-PGA-MA and 4-arm PEG-SH were
dissolved in the trastuzumab solution to prepare trastuzumab-
loaded hydrogel formulations with 1.5 wt% y-PGA-MA and 1.5 wt
% 4-arm PEG-SH. For trastuzumab/Zn-loaded hydrogels, an addi-
tional ZnCl, solution was added to the trastuzumab solution to
achieve a final Zn concentration of 5 mM. The gelation time was
determined by the tube inversion method, with 0.1 mL of the
trastuzumab hydrogel formulation being loaded into a 1.5-mL
centrifuge tube.

2.4. Morphologies of the hydrogels

The hydrogel formulation (0.1 mL) was loaded into a 1.5-mL
centrifuge tube, and the hydrogel was allowed to form at room
temperature. Then, the hydrogels were dried for 1 day using a lyo-
philizer (FTS Systems LyoStar II, Stone Ridge, NY, USA), and cross-
sectional morphologies were observed using a scanning electron
microscope (SEM) (JEOL JSM-5610LV, Tokyo, Japan) operated at
5 kV.

2.5. Rheological properties of the hydrogels

Rheological analysis of the hydrogel formulations was per-
formed on a rotational rheometer (AR 2000ex, TA Instruments,
UK) equipped with a 4-cm parallel plate. The hydrogel formula-
tions were allowed to form at room temperature and then were
transferred to a parallel plate of the rheometer. Measurements
were conducted at 25 °C with a gap set to 1.0 mm. In the frequency
sweep tests, the storage modulus (G') and loss modulus (G”) of the
hydrogels were recorded as a function of the frequency under 0.2%
strain and a frequency of 1-100 rad/s. For the shear-shining tests,
the viscosity was measured as a function of the shear rate at 0.1-
10 s~L. For the step strain tests, changes in G’ and G” were moni-
tored under 0.2% strain for 200 s, with a sudden increase to 100%
strain for 200 s, and then a return to 0.2% strain for subsequent
200 s; the frequency was set to 1 rad/s.

2.6. Trastuzumab assay and stability

The trastuzumab assay was performed at a wavelength of
280 nm with the reference wavelength at 340 nm using an Infi-
nite® F200 PRO multimode plate reader (Tecan, Austria). The
extinction coefficient of trastuzumab was 1.528 mL/(mg x cm)
[30].

The monomer, high-molecular-weight species (HMWS), and
low-molecular-weight species (LMWS) contents of trastuzumab
were analyzed by size-exclusion high-performance liquid chro-
matography (SE-HPLC) using a Waters HPLC system (600 pump
controller, 717 plus autosampler, and 996 photodiode array detec-
tor). A TSK Gel G3000 SWXL column (Tosoh Bioscience, Japan) with
a TSK Gel SWXL 5 guard column (Tosoh Bioscience, Japan) was
used. The mobile phase was composed of 0.05 M phosphate buffer
and 0.15 M NaCl at pH 7.2. The SE-HPLC analysis was conducted at
a flow rate of 0.5 mL/min, an injection volume of 100 uL, and a
wavelength of 280 nm.

2.7. Zeta potential analysis of trastuzumab

The zeta potential of trastuzumab was measured with a
Zetasizer Nano ZS (Malvern, UK). A trastuzumab solution of
5 mg/mL prepared in phosphate-buffered saline (PBS at pH 7.4)
was transferred to a Disposable Capillary Cell (DTS1070), and
measurements were performed at 25 °C. Data were collected and
analyzed with Zetasizer software version 7.11.

2.8. Enzyme-linked immunosorbent assay (ELISA)

Nunc-Immuno™ MicroWell™ 96-well plates were coated with
100 pL of 0.4 pg/mL HER-2/ErB2 (Sino Biological, China). Freshly
prepared trastuzumab and test samples of 10~ M were threefold
serially diluted and added to the plates for a 2-h incubation period
at room temperature. After washing three times, the antihuman
immunoglobulin G (IgG)-peroxidase Ab was added and incubated
for 1 h at room temperature. Thereafter, the 96-well plates were
washed, TMB was added for a 90-s incubation period, and then
1 M HCl was added. The absorbance was determined with an ELISA
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reader (Thermo Labsystems, Finland) at 450 nm. The half-maximal
binding concentration (ECsg) was calculated by sigmoidal fitting
using Origin software 6.0 (MicroCal Software, Inc., USA).

2.9. In vitro cell antiproliferation

BT474 cells were seeded in a 96-well plate at a density of
8 x 103 cells/well in 100 uL of Dulbecco’s modified Eagle medium
(DMEM)/F12 medium (Thermo Fisher Scientific, USA) with 2%
heat-inactivated fetal bovine serum. Then, 100 pL of various con-
centrations of either trastuzumab (freshly prepared trastuzumab
solution or trastuzumab released from various hydrogels), ZnCl,,
or both was added and incubation for 90 h at 37 °C. Next, 22 pL
of PrestoBlue™ Cell Viability Reagent (Invitrogen, USA) was added
to each well and incubated for 4 h. The absorbance was analyzed
with an Infinite® F200 PRO multimode plate reader (Tecan, Austria)
at an excitation wavelength of 560 nm and emission wavelength of
590 nm. The dose-responsive curves for cell viability were gener-
ated by sigmoidal fitting using Origin software 6.0 (MicroCal Soft-
ware, Inc., USA).

2.10. In vitro release of trastuzumab-loaded hydrogels

A trastuzumab hydrogel formulation (0.1 mL) was loaded into a
1.5-mL centrifuge tube, and 1.3 mL of release medium comprising
10 mM PBS (pH 7.4) was added. The tubes were placed in a shaking
incubator at 37 °C and 100 rpm. At a predetermined time, 0.8 mL of
release medium was sampled and replaced with fresh medium.
The content, structural integrity, and binding affinity of the
released trastuzumab were measured by UV detection, SE-HPLC,
and ELISA, respectively. The mechanism of trastuzumab released
from the hydrogel was investigated by fitting with various
kinetic equations including zero-order, first-order, Higuchi, and
Korsmeyer-Peppas models.

2.11. In vivo hydrogel formation

Sprague Dawley rats were purchased from BioLASCO Taiwan
(Yilan, Taiwan). All experimental procedures for the animal studies
were approved by the Institutional Animal Care and Use Commit-
tee of the Industrial Technology Research Institute (ITRI) (Hsinchu,
Taiwan) (ITRI-IACUC-2017-011V3). Hydrogel formulations 400 pL
were prepared and then subcutaneously injected into the shaved
rats through a 23-gauge needle before gelation. After 14 days, the
rats were sacrificed and the hydrogels wrapped in the rat skin
and extracted from the skin were photographed.

2.12. In vivo pharmacokinetics

NOD SCID mice were purchased from BioLASCO Taiwan (Yilan,
Taiwan) and divided into three groups (n=3). All experimental
procedures for the animal studies were approved by the Institu-
tional Animal Care and Use Committee of the ITRI (Hsinchu, Tai-
wan) (ITRI-IACUC-2016-049 M). The trastuzumab solution group
and trastuzumab hydrogel groups were treated with a subcuta-
neous injection of 10 mg/mL trastuzumab at a dose of 50 mg/kg.
At predetermined time intervals, blood was obtained through a
facial vein. Plasma was separated at 7000 rpm for 15 min and then
stored at —80 °C until analysis. Trastuzumab concentrations were
measured by a modified previously described ELISA method [31],
and the limit of quantification was 0.06 pg/mL. PK parameters
were calculated with a noncompartmental model using Phoenix
WinNonlin 7.0 (Certara Inc., USA).

2.13. In vivo tumor inhibition

All experimental procedures for animal studies were approved
by the Institutional Animal Care and Use Committees of ITRI
(Hsinchu, Taiwan) (ITRI-IACUC-2016-045). BT474 cells (107 cells/
mL) suspended in Matrigel (BD Biosciences, San Jose, CA, USA)
were subcutaneously injected into the right flank of female NOD/
SCID mice (BioLASCO, Taiwan) that were implanted with a 90-
day-release 0.36-mg 17p-estradiol/pellet (Innovative Research of
America, Sarasota, FL, USA). When the tumor volume reached
150-250 mm?, the mice were randomly divided into five groups
(n=6): Group 1 mice were treated with PBS (5 mL/kg) as the con-
trol; group 2 mice received a blank hydrogel (5 mL/kg); group 3
mice were injected with a trastuzumab solution at a concentration
of 10 mg/mL and dosing amount of 50 mg/kg (50 mg/5 mL/kg);
group 4 mice were injected with Her-hydrogel-10 (50 mg/5 mL/
kg); and group 5 mice were injected with Her/Zn-hydrogel-10
(50 mg/5 mL/kg). All mice received an SC injection on the back of
the neck. The tumor volume was calculated as (length x width?)/2.
The change in the tumor volume of each group was monitored as a
function of time. Moreover, the tumor growth inhibition (TGI) rate
was calculated using the formula: [1 — (final tumor volume of trea-
ted group - initial tumor volume of treated group)/(final tumor
volume of control group — initial tumor volume of control
group)] x 100 [32]. Data are presented as mean * standard devia-
tion (SD).

2.14. Data analysis

Statistical analyses were performed with one-way analysis of
variance (ANOVA) and Tukey’s multiple comparison test, and dif-
ferences were considered statistically significant at p values of
<0.05.

3. Results and discussion
3.1. Synthesis of y-PGA-MA

Maleimide-modified y-PGA was obtained by reacting the car-
boxyl group of y-PGA with the water-soluble AEM in the presence
of EDC and NHS (Fig. 2A). As shown in the "H-NMR spectrum of y-
PGA-MA dissolved in D,O (Fig. 2B), the D,0 signal was found at
4.7 ppm. This result indicated the successful synthesis of y-PGA-
MA with an additional proton signal of maleimide groups at
6.8 ppm compared to the "H-NMR spectrum of y-PGA as reported
in a previous study [33]. The DS of y-PGA-MA was calculated on
the basis of the integral ratio of the peak of two protons of malei-
mide at 6.8 ppm and the peak of proton CH of y-GA at 4.1 ppm. The
DS approximated to 10% by this synthesis process.

3.2. Characterization of trastuzumab-loaded hydrogel formulations

v-PGA-MA and 4-arm PEG-SH formed a hydrogel through thiol-
maleimide Michael-type addition reactions [34]. The molar ratio of
thiol to maleimide was set to 1:1 to avoid chemical interactions
between trastuzumab and excess functional maleimide groups or
thiol groups. In addition, the trastuzumab-loaded y-PGA-MA and
4-arm PEG-SH hydrogels prepared in a low ionic strength solution
had an opalescence appearance owing to strong interactions
between the positively charged trastuzumab (zeta potential of
trastuzumab was 9.11 £ 0.78 mV) and negatively charged y-PGA-
MA. Therefore, 0.9% NaCl was used as a vehicle to obtain transpar-
ent trastuzumab-loaded hydrogels. Moreover, the rate of the
Michael-type addition reaction is highly dependent on the pH
and is much faster in alkaline conditions [35]. Therefore, the pH
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Fig. 2. (A) Synthesis of Y-PGA-MA. (B) 'H NMR spectrum of y-PGA-MA.

of the hydrogel formulations was controlled to below 6.5 to obtain
uniform hydrogels.

Table 1 lists 1.5% y-PGA-MA- and 1.5% 4-arm PEG-SH-based
hydrogel compositions. The blank hydrogel with a pH value of
5.0 gelled at 35-40 min, and the gelation time was a little delayed
in the presence of 5 mM ZnCl,, which led to a more acidic condi-
tion (ca. pH 4.5) of the hydrogel formulation. When 10 or
133 mg/mL of trastuzumab was loaded into the hydrogel composi-
tion (Her-hydrogel-10, Her/Zn-hydrogel-10, Her-hydrogel-133,
and Her/Zn-hydrogel-133), the pH of the formulation increased
to ca. 6.0. Compared to the blank hydrogel or blank Zn-hydrogel,
all trastuzumab-loaded hydrogels had faster gelling rates, and
gelation times decreased with increased trastuzumab loading. This
indicates that the electrostatic attraction between trastuzumab
and y-PGA-MA and the pH of the reaction environment affected
gelation times. In addition, compared to Her-hydrogels, Her/Zn-
hydrogels had longer gelation times, which was attributed to the
formation of trastuzumab/Zn nanocomplexes that reduced the
electrostatic attraction between trastuzumab and y-PGA-MA. Most
importantly, high trastuzumab loading (>100 mg/mL) was achiev-
able as demonstrated by the formation of Her-hydrogel-133 and
Her/Zn-hydrogel-133.

3.3. Morphologies of trastuzumab-loaded hydrogel formulations

Microstructures of hydrogels composed of y-PGA-MA and
4-arm PEG-SH were investigated by SEM. According to the cross-
sectional SEM images of hydrogels (Fig. 3), all hydrogel formula-
tions possessed porous microstructures, thus indicating that these
hydrogels had been formed through cross-linking between malei-
mide groups and thiol groups. In addition, the porosity of the
hydrogels appeared to vary with the additives. Compared to blank
hydrogels, homogeneous and smaller pores of ca. 50 pm in diame-
ter were observed in the blank Zn-hydrogels (Fig. 3A vs. B). This
phenomenon was ascribed to electrostatic interactions between
carboxyl groups of y-PGA-MA and Zn ions. Furthermore, hydrogels

Table 1
Compositions of y-PGA-MA and 4-arm PEG-SH hydrogel formulations.

loaded with trastuzumab had more compact microstructures with
pore sizes of 10-50 um (Fig. 3C, D), thus indicating that
electrostatic interactions had occurred between carboxyl groups
of y-PGA-MA and trastuzumab.

3.4. Rheological properties of trastuzumab-loaded hydrogel
formulations

Rheological properties of hydrogels composed of y-PGA-MA and
4-arm PEG-SH were investigated by a frequency sweep test, flow
sweep test, and dynamic step strain amplitude test, and data are
shown in Fig. 4. As shown in Fig. 4A and D, blank hydrogels com-
posed of 1.5% y-PGA-MA and 1.5% 4-arm PEG-SH had a storage
modulus, G’, of ~650 Pa. The addition of 5 mM ZnCl, into the above
hydrogel caused a 30% increase in the G’ value (~850 vs. ~650 Pa)
due to electrostatic interactions of Zn ions coordinating with car-
boxyl groups of y-PGA-MA chains. Her-hydrogel-10 composed of
1.5% y-PGA-MA, 1.5% 4-arm PEG-SH, and 10 mg/mL trastuzumab
had a higher G’ value than the blank hydrogel (~770 vs.
~650 Pa). It is thought that electrostatic interactions between
cationic trastuzumab and anionic y-PGA-MA could result in greater
interchain attraction, correspondingly increasing the gel strength
(G’ value). On the other hand, Her/Zn-hydrogel-10 composed of
1.5% v-PGA-MA, 1.5% 4-arm PEG-SH, 5 mM ZnCl,, and 10 mg/mL
trastuzumab had a lower G’ value than the blank Zn hydrogel
(~760 vs. ~850 Pa). This was attributed to possible electrostatic
interactions between trastuzumab and Zn ions, which resulted in
interactions between y-PGA-MA and either trastuzumab or Zn ions
being minimized, thus leading to lower gel strengths. On the basis
of the above data, hydrogel strength primarily depended on the
network formed upon thiol-maleimide interactions and only
slightly changed with the addition of either trastuzumab, Zn ions,
or both.

The decrease in viscosity of all hydrogel formulations with an
increasing shear rate is shown in Fig. 4B and E, thus indicating that
these hydrogel formulations had shear-thinning properties.

Formula Trastuzumab (mg/mL)  ZnCl, (mM) y-PGA-MA 4-arm PEGsg-SH (wt, %)  SH/MA molar ratio G’ (Pa)  Gelation time (min)
wt (%) DS (%)

Blank hydrogel 0 0 1.5 115 1.5 1 ~650 35-40

Blank Zn-hydrogel 0 5 1.5 115 1.5 1 ~800 45-50
Her-hydrogel-10 10 0 1.5 115 1.5 1 ~770 30-35
Her/Zn-hydrogel-10 10 5 1.5 115 1.5 1 ~760 40-45
Her-hydrogel-133 133 0 1.5 10.5 1.5 1 - 5-10
Her/Zn-hydrogel-133 133 5 1.5 10.5 1.5 1 - 20-25

DS, degree of substitution; G’, storage modulus.
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Fig. 3. SEM images of hydrogels composed of 1.5% y-PGA-MA and 1.5% 4-arm PEG-SH. (A) Blank hydrogel. (B) Blank Zn hydrogel. (C) Her-hydrogel-10. (D) Her/Zn-hydrogel-
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Moreover, a dynamic step strain amplitude test was performed to
determine the recovery of hydrogels undergoing network rupture
under a high strain condition (y = 100%), followed by low strain
(v=0.2%). Fig. 4C and F demonstrate that G’ values of the blank
hydrogel, Her-hydrogel-10, blank Zn-hydrogel, and Her/Zn-
hydrogel-10 significantly decreased by 13-, 13.5-, 3-, and 9-fold,
respectively, when subjected to high strain. When the condition
changed to low strain, G’ values of all hydrogel formulations recov-
ered within seconds, with a loss of <10%. Further, G’ values of all
hydrogel formulations were higher than G” values at low strain
(y=0.2%), and inverse results were observed at high strain
(v=100%) except for the blank Zn-hydrogel. The electrostatic
attraction between Zn ions and y-PGA-MA enhanced the mechan-
ical properties of the blank Zn-hydrogel, and hence, it could remain
as a gel state at high strain. Compared to the blank Zn-hydrogel,
the apparent decrease in the G’ value of the Her/Zn-hydrogel-10
in a high-strain condition hinted that Zn ions were still interacting
with trastuzumab in the presence of y-PGA-MA, and then interac-
tions of Zn ions with y-PGA-MA were reduced in Her/Zn-hydrogel-
10. Rheological studies indicated that hydrogel formulations could
rapidly form a gel after removing the shear force and could serve as
an injectable hydrogel for the sustained release of desired active
substances.

3.5. In vitro release behaviors and stability of trastuzumab from
hydrogel formulations

The in vitro release behaviors of trastuzumab-loaded hydrogels
were investigated by immersing the hydrogels in PBS (pH 7.4) at
37 °C. SE-HPLC analysis and ELISA assay were used to confirm
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Fig. 5. Cumulative release of trastuzumab from various trastuzumab-loaded
hydrogels at 37 °C.

Table 2
In vitro release modeling of various trastuzumab formulations.

the structural integrity and binding activity of the released trastu-
zumab, respectively. Fig. 5 shows cumulative release profiles of
trastuzumab-loaded hydrogels. Her-hydrogel-10 and Her/Zn-
hydrogel-10 were capable of continually releasing trastuzumab
over 4 weeks with a burst release (release on day 1) of ca. 10%-
13%. Moreover, Her-hydrogel-133 and Her/Zn-hydrogel-133
demonstrated sustained release of trastuzumab over 5-7 weeks
with an initial burst release of ca. 7%-10%. Owing to the hydrody-
namic radius of trastuzumab (Rh ~5.4 nm) [36], which is much
smaller than the pore size of the hydrogels (10-50 um), the
sustained-release mechanism of trastuzumab from polyanionic
hydrogels was mainly diffusion dependent under the influence of
electrostatic interactions [23,24]. These results indicated that
increasing trastuzumab loading or adding Zn to the hydrogel for-
mulations could enhance interactions between trastuzumab mole-
cules or form trastuzumab/Zn nanocomplexes, thus leading to the
retardation of trastuzumab release from the hydrogels.

The mechanism of trastuzumab released from the hydrogel was
investigated by fitting with various kinetic equations including
zero-order, first-order, Higuchi, and Korsmeyer-Peppas models
(Table 2). The high correlation in the first-order and Higuchi mod-
els for all trastuzumab hydrogel formulations was obtained with a
linear regression coefficient (R?) of >0.95, thus indicating a concen-
tration and diffusion-dominated release behavior. Furthermore,
the release exponent value (Korsmeyer-Peppas model) of these
hydrogel formulations was ranging from 0.6099 to 0.7499, thus
indicating a non-Fickian release profile [37]. Therefore, the trastu-
zumab released from this hydrogel was governed by a combination
of diffusion and swelling. We also found that all hydrogel formula-
tions swelled up to ca. 30% of their size after the dissolution stud-
ies. Fig. S1 showed the SEM data of the Her/Zn-hydrogel-10 before
and after 28 days of dissolution study. After dissolution study, the
pore size of the Her/Zn-hydrogel-10 was apparently increasing,
thus indicating that swelling occurred.

Table 3 shows percentage changes of the trastuzumab mono-
mer and ECsq values of trastuzumab released during the dissolu-
tion study. Her-hydrogel-10 liberated trastuzumab as a monomer
(>99.5%) and maintained the binding activity of trastuzumab over
21 days of dissolution. Moreover, the monomer content of trastu-
zumab released from Her-hydrogel-133 exceeded 95% and exhib-
ited a comparable binding affinity to freshly prepared
trastuzumab. For Her/Zn-hydrogel-10 and Her/Zn-hydrogel-133,
approximately 3% and 30% of HMWS were observed in PBS, respec-
tively, thereby resulting from interactions between Zn ions and
trastuzumab [28], and these water-soluble aggregations of trastu-
zumab could further transform into a monomer, as it was diluted
in the histidine solution (Fig. S2), thus indicating that
trastuzumab-Zn coordination complexes were not irreversible
but reversible aggregations. Importantly, Her/Zn-hydrogel-10 and
Her/Zn-hydrogel-133 also preserved the intact binding activity of
trastuzumab during the release period. The above results suggest
that trastuzumab still maintained its structural integrity and intact

Formula Zero order C; = Cy + Kot First order Log C, = Log Co — kqt/2.303 Higuchi Q = Kt”? Korsmeyer-Peppas
Mi/M = Kipt"
R? R? R? n R?
Her-hydrogel-10 0.8202 0.9782 0.9586 0.6424 0.9592
Her/Zn-hydrogel-10 0.8385 0.9553 0.9651 0.6492 0.9668
Her-hydrogel-133 0.8638 0.9963 0.9723 0.7499 0.9611
Her/Zn-hydrogel-133 0.9145 0.9573 0.9925 0.6099 0.9948

C,, amount of drug released at time t; Co, initial concentration of drug at time t = 0; Ko, zero-order rate constant; t, time; C,, remaining drug at time t; Ky, first-order rate

constant; Q, cumulative amount of drug released at time t; Ky, Higuchi dissolution rate constant; M¢/M.,

constant; n, drug release exponent.

fraction of drug released at time t; Kyp,, Korsmeyer release rate
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Table 3
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Monomer percentage and the half maximal binding concentration (ECsp) of released trastuzumab after the dissolution study.

Her-hydrogel-10 Her/Zn-hydrogel-10

Her-hydrogel-133 Her/Zn-hydrogel-133

Monomer (%) ECs0 (nM) Monomer (%) ECs0 (nM) Monomer (%) ECs0 (nM) Monomer (%) ECs0 (nM)

Day 1 100.0 £ 0.0 - 100.0 £ 0.0 - 99.9+0.1 - 96.8+0.9 (100.0+0.0)> -

Day 7 100.0 £ 0.0 0.47 (0.50)" 100.0 £ 0.0 0.50 (0.50)" 100.0 + 0.0 0.50 (0.57)°  77.8+3.2(100.0 £ 0.0) 0.64 (0.57)"
Day 14°  100.0 0.0 0.49 (0.60)°  96.5+0.4 (100.0+0.0°  0.55(0.60)°  100.0 0.0 0.87 (0.78)°  67.9+2.9(100.0+0.0°  0.69 (0.57)"
Day 21 100.0 £ 0.0 - 97.2+1.4(100.0+0.0)° 048 (0.60)°  98.8+0.9 0.81(0.73)°  68.8 4.0 (98.8%1.0) 0.86 (0.78)"
Day 28 - - - - 98.2+1.0 0.90 (0.73)°  76.6+8.9 (97.02.9)° 0.73 (0.53)"
Day 35 - - - - 95.6+5.3 1.01(0.73)°  71.1£7.1(96.6 £2.3) 0.79 (0.53)°
Day 42 - - - - - - 77.9 £ 4.8 (94.8 £ 3.0)° 0.79 (0.53)"

¢ The monomer percentage is presented as mean # standard deviation (n = 3).
b ECs, of freshly prepared trastuzumab.

¢ Monomer percentage of the released trastuzumab after dilution in a histidine HCI solution.

binding activity during the thiol-maleimide crosslinking reactions
and the release period.

3.6. Antiproliferative effects of trastuzumab released from hydrogel
formulations on BT-474 cells

The Her2-overexpressing BT-474 breast cancer cell line was
used to confirm the in vitro anticancer efficacy of trastuzumab
released from the hydrogel formulations. As shown in Fig. 6A-D,
after 90 h of treatment with the trastuzumab solution, the viability
of BT474 cells remained at ca. 60% as the trastuzumab concentra-
tion was >1.0 pug/mL. The observed data indicated that exceeding
the effective therapeutic dose would not further increase cytotox-
icity and were comparable to that of previous studies [11]. Further-
more, the trastuzumab released from Her-hydrogel-10 (14 days of
dissolution), Her/Zn-hydrogel-10 (14 days of dissolution), Her-
hydrogel-133 (21 days of dissolution), and Her/Zn-hydrogel-133
(21 days of dissolution) exhibited similar antiproliferative effects
on BT-474 cells compared to freshly prepared trastuzumab. On
the other hand, BT-474 cells treated with Zn also exhibited a
dose-dependent growth inhibitory effect at Zn concentrations
ranging from 2.5 to 20 pg/mL, the almost complete suppression

of cell growth with >20 pg/mL Zn, and a minimum effect on cell
viability with <2.5 pg/mL Zn (Fig. 6E). Therefore, various concen-
trations of trastuzumab accompanied by 2.5 pg/mL Zn were used
to examine the synergistic effects of Zn and trastuzumab on
BT-474 cells. The data indicated that the combination of Zn and
trastuzumab had similar cell growth inhibitory effects as those of
trastuzumab alone (Fig. 6F). The above results suggested that tras-
tuzumab released from these hydrogel formulations maintained a
sufficient inhibitory ability against BT-474 cells, and only Zn
concentrations of >2.5 png/mL played a role in growth inhibition
of BT-474 cells.

3.7. In vivo hydrogel formation

The in vivo hydrogel formation was confirmed by administering
a subcutaneous injection of the blank Zn-hydrogel formulation
(before gelation) into a Sprague Dawley rat. After 14 days, the
hydrogel could be found at the injection site (Fig. S3A). Addition-
ally, the hydrogel could be extracted and sliced into half
(Fig. S3B). These data indicated that the y-PGA-MA and 4-arm
PEG-SH-based formulation could form a hydrogel in situ and main-
tain as a gel type for at least 14 days.
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Fig. 7. Pharmacokinetic profiles of trastuzumab formulations in NOD SCID mice at a
dose of 50 mg/kg.

3.8. In vivo PK of trastuzumab-loaded hydrogel formulations

In vivo PK studies of various trastuzumab formulations were
performed in NOD SCID mice at a dose of 50 mg/kg, and PK param-
eters including T2, Cmax Tmax, and the area under the plasma drug
concentration-time curve (AUC) were evaluated. In vivo PK pro-
files of the trastuzumab formulations are presented in Fig. 7, and
related PK parameters are listed in Table 4. After SC administration
of the trastuzumab solution, a Cpax of 362-532 pg/mL was
observed on days 1-2, and then, the trastuzumab concentration

Table 4
Pharmacokinetic parameters of trastuzumab formulations in NOD SCID mice at a dose
of 50 mg/kg.*

Trastuzumab Her-hydrogel-10  Her/Zn-

solution hydrogel-10
Tmax (days) 13406 1.7+06 2729
Ciax (1g/mL) 4239+943 307.1+49.3 279.4£59.3

AUCy.214 (ng/mL*day) 3604.1+198.4 2783.1+601.2 3160.6 + 845.2

Ty, terminal half-life; Trayx, time to reach the Cipax; Cmax, Maximum plasma con-
centration of trastuzumab; AUCy_»14, area under the curve of plasma concentration
of trastuzumab versus time on days 0-21.

@ Data are presented as mean * standard deviation (n = 3).
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gradually decreased as time progressed. On the contrary, Her-
hydrogel-10 and Her/Zn-hydrogel-10 had much lower trastuzu-
mab exposure (ca. <60% of the trastuzumab solution) on day 1 than
the trastuzumab solution, thus indicating that y-PGA-MA- and 4-
arm PEG-SH-based hydrogels had the ability to reduce the initial
diffusion rate of trastuzumab in the SC region. Thereafter, both
hydrogels could achieve similar trastuzumab concentrations as
those of the trastuzumab solution after day 6. The obtained PK
characteristics were similar to those of previous studies using a
polyanionic hydrogel to deliver mAbs subcutaneously in rodents
[12,23]. Further, compared to Her-hydrogel-10, Her/Zn-hydrogel-
10 provided a constant trastuzumab concentration for 10 days,
which demonstrated that Her/Zn-hydrogel-10 possessed a better
sustained release ability of trastuzumab than Her-hydrogel-10
owing to the presence of trastuzumab/Zn nanocomplexes that
retarded the release rate of trastuzumab from the hydrogel. These
data correlated well with the in vitro release study results. In addi-
tion, the relative bioavailabilities (versus the trastuzumab solu-
tion) of Her-hydrogel-10 and Her/Zn-hydrogel-10 were 77% and
88%, respectively, thus indicating that sufficient trastuzumab could
be released from the hydrogels. In this study, the injection volume
of hydrogels was approximately 100 pL, and it is expected that sus-
tained release PK profiles could be better as the injection volume
increased. PK results indicated that the hydrogel formulations
had the ability to demonstrate sustained release of trastuzumab
and could provide sufficient systemic exposure to trastuzumab.

3.9. Antitumor efficacies of trastuzumab-loaded hydrogel formulations
in the BT-474 xenograft tumor model

The in vivo antitumor efficacies of the trastuzumab formula-
tions were evaluated in a BT-474 xenograft tumor model. Changes
in the tumor volume as a function of time were recorded after SC
administration of PBS, blank hydrogel, trastuzumab solution,
Her-hydrogel-10, and Her/Zn-hydrogel-10 at a dose of 50 mg/kg
trastuzumab. Fig. 8A exhibits the antitumor efficacies of various
formulations, and the ANOVA detected statistically significant dif-
ferences among groups (p<0.001). Furthermore, Tukey’s test
showed that mice treated with the blank hydrogel exhibited no
effect on tumor inhibition compared to the mice in the PBS group
(p > 0.05). This implied that the y-PGA-MA- and 4-arm PEG-SH-
based hydrogels did not cause any cytotoxic effect on the tumors.
For mice treated with trastuzumab or Her-hydrogel-10, slight
tumor inhibition was observed with respective TGI values of
51.0% +37.9% and 52.2% + 51.4% on day 28 after treatment. How-
ever, tumor sizes of mice in the trastuzumab group and Her-
hydrogel-10 group did not show significant difference compared
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Fig. 8. (A) Antitumor efficacy and (B) body weight changes in BT474-tumor bearing mice after treatment with trastuzumab formulations (n = 6). “The tumor size of the Her/
Zn-hydrogel-10 group showed significant difference compared to that of the phosphate-buffered saline (PBS) group (p < 0.05).
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to those of mice in the PBS group (p > 0.05). These results were not
in acceptable agreement with those given in recent reports [10-
12]. Injectable hydrogel with sustained release ability of mAb
had advantages of preventing rapid degradation of mAb and
increasing the mAb accumulation at the tumor site, and it might
lead to better antitumor efficacy than solution formulations [10-
12]. Further, antitumor mechanism based on trastuzumab-
induced dose-dependent apoptosis was effective at a dose of
30mg/kg [11,12]. Interestingly, mice treated with Her/Zn-
hydrogel-10 exhibited an unexpected tumor inhibitory effect over
4 weeks with a TGI of 97.8% + 31.7% on day 28 after treatment, and
the tumor size of mice in this group was much smaller than that of
mice in the PBS group after 28 days (p < 0.05). As mentioned in the
BT-474 antiproliferation and PK results, the viability of BT-474
cells remained at ca. 60% when the trastuzumab concentration
was >1.0 ug/mL, and comparable trastuzumab concentrations
were observed with various trastuzumab formulations 7 days after
dosing. On the basis of PK results, we expected that similar antitu-
mor efficacies would occur with the trastuzumab solution and
hydrogel formulations owing to the injection site being located
4-5 cm distant from the tumor site. Consequently, the better anti-
tumor effect in the Her/Zn-hydrogel-10 group could possibly be
attributed to the functionality of Zn, which showed the potential
for growth inhibition in several cancer cell lines [38,39]. Further,
the viability of BT-474 cells treated with Zn (Fig. 6E) indicated that
Zn might play a role in enhancing the anticancer effect of the Her/
Zn-hydrogel group. In addition, Fig. 8B demonstrates that no
apparent changes in body weight occurred in any treatment
groups.

4. Conclusions

In this work, injectable hydrogels composed of y-PGA-MA and
4-arm PEG-SH were developed for the SC delivery of trastuzumab.
Through thiol-maleimide reactions, y-PGA-MA and 4-arm PEG-SH
formed a hydrogel with shear-thinning properties and reversible
rheological behavior. This novel hydrogel was capable of loading
a high content of trastuzumab (>100 mg/mL) and showing a sus-
tained release of trastuzumab over several weeks. In addition,
the trastuzumab released from the hydrogel maintained its struc-
tural integrity, binding bioactivity, and BT-474 cell antiprolifera-
tive effect. PK studies demonstrated that trastuzumab hydrogels
could lower the C,,.x and achieve similar trastuzumab concentra-
tions on day 6 after dosing than that of the trastuzumab solution.
An in vivo antitumor investigation indicated that trastuzumab
hydrogels had similar tumor growth-inhibitory effects as those of
the trastuzumab solution. On the other hand, Zn-containing trastu-
zumab hydrogels exhibited a superior capability of tumor growth
inhibition ascribed to the functionality of Zn. Consequently, these
results implied that y-PGA-MA- and 4-arm PEG-SH-based hydro-
gels have great potential to serve as carriers for local or systemic
delivery of therapeutic proteins and antibodies.
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