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Abstract
We present an investigation of horseradish peroxidase (HRP)/H2O2-mediated crosslinking in an inverse miniemulsion for the
successful preparation of a stable colloidal nanogel from a poly(amino acid)-based polymer precursor. The precursor was
obtained by the aminolysis of polysuccinimide with aminoethan-2-ol and tyramine, resulting in a poly(α,β-N-(2-
hydroxyethyl)-D,L-aspartamide-co-N-(2-(4-hydroxyphenyl)ethyl)-D,L-aspartamide) polymer (PHEA-Tyr). Various concentra-
tions of the PHEA-Tyr in aqueous solution with HRPwere emulsified in the presence of cyclohexane and SPAN 80. The addition
of a hydrogen peroxide solution induced crosslinking between the polymer chains via the phenol groups (Tyr) and targeted
nanogel formation. The hydrodynamic radii (Rh

0), mean size documented by hydrodynamic radius (Rh), and morphology of the
nanoparticles were investigated by dynamic light scattering (DLS) measurements, nanoparticle tracking analysis (NTA), and
cryogenic transmission electronmicroscopy (cryo-TEM). It was found out that nanoparticle radius, morphology, and architecture
of the nanogel could be regulated by the initial concentration of the precursor.
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Introduction

Nanogels are widely studied nanomaterials since they in-
tegrate distinctive and unique properties of hydrogels and
nanoparticles [1]. These nanoparticles with three-
dimensional networks have been of great interest due to
their favorable characteristics, including proper size, swell-
ing in aqueous media, porosity, softness, stimuli-
responsive behavior, hydrophilicity, degradability, and bio-
compatibility [2]. These new types of nanoparticles have
also gained significant attention for their large surface area
for bioconjugation and their internal network for cell en-
capsulation and incorporation of inorganic nanoparticles or
biomolecules, such as DNA, peptides, and proteins. Thus,
they are attractive for applications in drug delivery, tissue
engineering, bionanotechnology, bioimaging, sensing, an-
tifouling, etc. [3, 4].

Nanogel synthesis can be based on natural materials, for
example, chitosan, dextran, andproteins, or syntheticmono-
mers and polymers or on their combination, including acryl-
ic acid, N-isopropylacrylamide, 2-(dimethylamino) ethyl
methacrylate, methoxydiethylene glycol methacrylate,
aminoethyl methacrylamide hydrochloride, oligo(ethylene
glycol) monomethyl ether methacrylate, and poly(ethylene
glycol) dimethacrylate [5–12]. As is evident from the term
Bnanogel,^ the polymer chains of the nanoparticles are phys-
ically or chemically crosslinked to form the interior network
betweenmacromolecular chains [13]. Physical crosslinking
comprises relatively weak non-covalent interactions be-
tween polymer chains, including hydrogen bonds, hydro-
phobic interactions, or ionic interactions,whereas chemical-
ly crosslinked polymer chains are joined covalently by var-
ious approaches. Examples include an addition of
crosslinking monomer during polymerization, click chem-
istry, and enzyme-mediated crosslinking [1].

Neamtu et al. simply classified the preparation of nanogels
into two groups: top-down and bottom-up approaches [7]. The
process in which nanoparticles are synthetized from larger
materials by physical, chemical, or mechanical degradation
is called the top-down approach. Bottom-up nanogels are pre-
pared from monomers or polymer precursors. The latter
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method usually employs free or controlled radical polymeri-
za t ion adop t ing inver se min iemuls ion , inve r se
microemulsion, precipitation, reversible addition fragmenta-
tion chain transfer, or atom transfer radical polymerization,
as well as their combinations [14–20]. For example, conven-
tional inverse miniemulsion polymerization is a suitable tech-
nique for the preparation of ~100–500-nm hydrophilic latexes
in diameter from 2-hydroxyethyl methacrylate, acrylamide,
and N-isopropylacrylamide. Briefly, the liquid monomer
phase is dispersed into small droplets in a continuous organic
phase using a high-energy input, such as a sonifier, in the
presence of a hydrophobic emulsifier and osmotic agent to
retard the diffusional degradation of the miniemulsion. The
monomer droplets serve as the main polymerization locus
[21, 22].

Due to fact that hydrogels based on amino acids or synthet-
ic poly(amino acids) have suitable properties for biomedical
applications and tissue engineering, they are also very prom-
ising for the preparation of hydrophilic crosslinked nanostruc-
tures [23, 24]. For example, Park et al. synthetized a poly(eth-
ylene glycol)-grafted poly(succinimide) nanogel to analyze
cellular uptake [25]. Furthermore, the triclosan-loaded, L-
lysine-based nanogel prepared by a top-down approach
showed antibacterial activity against some pathogens [26].
Additionally, linear water-soluble polymers based on synthet-
ic poly(amino acids), such as poly(α,β-N-(2-hydroxyethyl)-
D,L-aspartamide) (PHEA), meet all the requirements for prep-
aration of hydrogels in terms of hydrophilicity, non-cytotox-
icity, and biocompatibility and are generally used as model
systems for their non-degradability [27–30]. In case that
poly(amino acid)-based polymers bear functional groups on
their chains, such as aromatic phenols, amines, or phenolic
acids, they can easily form crosslinked structures via horse-
radish peroxidase (HRP)-catalyzed reaction [31]. The HRP
catalyzes a decomposition of hydrogen peroxide (H2O2) in
presence of reducing substrate (e.g., phenolic substrates)
which is converted to radical product. One equivalent of
H2O2 induces the formation of two aromatic radicals which
are readily coupled by covalent bond to form crosslinked
structure under mild conditions.

Herein, we report a combination of inverse miniemulsion
and HRP/H2O2-mediated crosslinking for the preparation of
a hydrophilic and colloidal stable nanogel. The poly(α,β-
N- (2-hydroxyethyl)-D,L-aspartamide-co-N-(2-(4-
hydroxyphenyl)ethyl)-D,L-aspartamide) (PHEA-Tyr) was
initially obtained by aminolysis of polysuccinimide (PSI)
and was used as a polymer precursor for the bottom-up syn-
thesis at different concentrations. By taking advantage of
PHEA-Tyr behavior in water solutions, the combination of
inverse miniemulsion and HRP/H2O2-mediated crosslinking
resulted in water-stable colloidal nanogels. The particles were
then investigated by dynamic light scattering (DLS), nanopar-
ticle tracking analysis (NTA), and cryogenic transmission

electron microscopy (cryo-TEM); the obtained nanogels had
different radii and morphology varying from globule-
composed to low-crosslinked, hydrogel-related structures de-
pending on PHEA-Tyr concentration.

Materials and methods

Materials

N,N-dimethylformamide (DMF) and cyclohexane (CHX)
were purchased from Lach-Ner (Czech Republic).
Aminoethan-2-ol (Fluka) was purified by vacuum distillation.
Tyramine, hydrogen peroxide solution 30% (w/w) in water,
peroxidase from horseradish (type VI), and sorbitane
monooleate (Span 80) were purchased from Sigma-Aldrich
and were used without further purification. PSI with Mw

~30,000 was obtained from F. Rypáček (Institute of
Macromolecular Chemistry, Academy of Sciences of the
Czech Republic, Heyrovsky Sq. 2, 162 06 Prague 6,
Czech Republic). It was prepared from D,L-aspartic acid
(Loba Chemie, Wien, analytical grade) by thermal polycon-
densation in the presence of phosphoric acid according to Neri
et al. [32].

Synthesis of the polymeric gel precursor PHEA-Tyr

The PHEA-Tyr gel precursor was prepared from PSI through
stepwise aminolysis using tyramine and aminoethan-2-ol in
DMF (Scheme 1). Briefly, PSI (10 g, 0.103 mol) was dis-
solved in DMF (250 mL), then the tyramine was added
(2.82 g, 0.0206 mol), and reaction mixture was stirred at room
temperature for 24 h. Subsequently, the residual PSI groups
were aminolyzed with aminoethan-2-ol (8 g, 0.1310 mol) to
obtain a water-soluble polymer PHEA-Tyr. The reaction was
carried out for 5 days at room temperature. The resulting poly-
mer was purified by dialysis (molecular weight cutoff <
3000 Da) successively against a 100 mM sodium chloride
solution for 2 days, a mixture of distilled water and ethanol
(3:1) for 1 day, and distilled water for 2 day. The purified
solution was lyophilized to obtain PHEA-Tyr with a yield of
53%.

Gel permeation chromatography (GPC) was performed on
a system (Knauer) equipped with a diode array detection
(DAD; wavelengths 205, 254, and 280 nm), an evaporative
light scattering detection (ELSD) (Altech 3300, Grace, USA),
and Phenomenex PolySep™-SEC GFC-P Linear Column
300 × 7.8 mm using a mixture of 0.05 M ammonia acetate
buffer, pH 6.5/acetonitrile 80:20 as the eluent at the flow rate
of 0.3 mL/min. The system was calibrated with polyethylene
oxide standards.
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The degree of tyramine substitution of PHEA-Tyr was de-
termined using UV-Vis spectrometry (Specord 250 Plus,
Analytik Jena AG, Germany).

The presence of covalently bonded tyramine units was con-
firmed by the GPCmeasurements using the DAD detector and
by 1H-NMR (Bruker 300 MHz, D2O, δ, ppm): 6.99 (d, 2H),
6.65 (d, 2H), 4.64 (m, 1H, NH-CH-CO), 3.41 (s, 2H,
NHCH2CH2OH), 3.13 (s, 2H, NgHCH2CH2OH), 2.57 (s,
2H, NHCHCH2CO), 2.50 (s, 2H, CHCH2CO).

Preparation of PHEA-Tyr nanogel in inverse
miniemulsion

Preparation of PHEA-Tyr nanogels in inverse emulsion
was carried out in a 30-mL glass reaction vessel equipped
with an anchor-type stirrer. In a typical experiment,
PHEA-Tyr (0.18 g) and NaCl (0.263 g) were dissolved
in water (4.32 g). Simultaneously, Span 80 (0.655 mL)
was dissolved in cyclohexane (20.4 g). Then, both solu-
tions were mixed together and horseradish peroxidase
(0.1 mg) was added into to mixture. The mixture was
cooled at 0 °C and sonicated using a W-385 sonicator
(Heat System Ultrasonics; Farmingdale, NY) for 150 s
at amplitude 50%. The dispersion was transferred into
the glass reaction vessel under stirring (500 rpm) and
hydrogen peroxide (11.25 μL) was added, and the reac-
tion was allowed to proceed at 25 °C for 18 h. At the end
of the reaction, PHEA-Tyr nanogel was removed by cen-
trifugation (9000 rpm) and washed with methanol, etha-
nol, and water. Then, the nanogels were purified by dial-
ysis (molecular weight cutoff < 3000 Da) against ethanol/
distilled water mixture (1:1) for 48 h and against distilled
water for 24 h. Methanol, ethanol, and water were used to
remove unreacted components such as cyclohexane,
SPAN 80, and unreacted PHEA-Tyr. The nanogels were
finally freeze-dried from water.

DLS

Dispersions of nanoparticles were investigated by dynamic
light scattering (DLS) using ALV-6010 correlator equipped
with an ALV/CGS-8F goniometer, a 22-mW He-Ne laser
(wavelength λ = 632.8 nm), and pair of avalanche photodi-
odes operated in a pseudo-cross-correlation mode. The mea-
sured intensity correlation function g2(t) was analyzed using
the algorithm REPES [33] performing the inverse Laplace
transformation according to

g2 tð Þ ¼ 1þ β ∫A tð Þexp −t=τð Þdτ� �2

¼ 1þ β ∑
n

i¼1
Aiexp −t=τ ið Þ

� �2
;

where t is the delay time of the correlation function and β is an
instrumental parameter and yielding distribution A(τ) of relax-
ation times τ. The relaxation time τ is related to the diffusion
coefficient D and relaxation (decay) rate Γ by the relation:

Γ ¼ 1

τ
¼ Dq

2;

where q is the scattering vector defined as

q ¼ 4πn
λ

� �
⋅sin

θ
2

� �
;

where n is the refractive index of the solvent and θ is the
scattering angle. The hydrodynamic radius Rh of the particles
can be calculated from the diffusion coefficient using the
Stokes-Einstein equation:

D ¼ kBT
6πηRh

;

where T is the absolute temperature, η is the viscosity of the
solvent, and kB is the Boltzmann constant. The hydrodynamic

Scheme 1 Aminolysis of
polysuccinimide with tyramine
and aminoethan-2-ol
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radius Rh
0 of nanogels was obtained by subsequent double

extrapolation of measured data to q = 0 and concentration
c = 0 to compare obtained results with another method. In case
of the initial droplets of polymer precursor in 1 M NaCl and
the emulsion of polymer precursor in inversion emulsion, the
DLS measurements were made at a 90° angle due to time
instability of the analyzed samples and values of hydrodynam-
ic radius Rh was obtained.

The samples for DLS measurement (5 mL; 1 mg/mL) were
dispersed inMilli-Q water in glass vials by UP200S ultrasonic
processor (Hielscher Ultrasonics GmbH, Teltow, Germany)
for 5 min at intensity 50%, and 1 mL of each sample was used
for the measurement.

NTA

NTA measurements were performed using a NanoSight
NS300 (Malvern, Worcestershire, UK) containing a sample
chamber of about 1 mL, 532-nm laser and camera sCMOS.
The sample was pumped into the chamber with a sterile 1-mL
syringe. Each sample was analyzed for 60 s and five times
with manual adjustment, and all measurements were per-
formed at 25 °C. The NTA 2.3 Dev Build 3.2.16 analytical
software was used for data capturing and data evaluation.

The samples for NTA (5 mL; 1 mg/mL) were dispersed in
Milli-Q water in glass vials by UP200S ultrasonic processor
(Hielscher Ultrasonics GmbH, Teltow, Germany) for 5 min at
intensity 50%. Then, each sample was diluted by Milli-Q wa-
ter at concentration 10 μg/mL and about 0.8 mL of the sample
was pumped into the chamber with a sterile 1-mL syringe.

cryo-TEM

Cryo-TEM observations were performed on a Tecnai G2
Spirit Twin 120 kV (FEI, Czech Republic), equipped with
cryo-attachment (Gatan, cryo-specimen holder) using a
bright-field (BF) imaging mode at accelerating voltage
120 kV.

Cryo-TEM allows direct investigation of samples in the
vitrified, frozen-hydrated state.

The dispersion of each sample was applied to an electron
microscopy grid covered with holey carbon-supporting film
(300 MESH, Cu) after hydrophilization by glow discharge
(Expanded Plasma Cleaner, Harrick Plasma, USA). The ex-
cess of the solution was removed by blotting (Whatman no. 1
filter paper) for ~1 s, and the grid was immediately plunged
into liquid ethane held at − 182 °C. The frozen sample was
immediately transferred into the microscope and observed at
− 173 °C under the conditions described above.

The samples for cryo-TEMmeasurement (5 mL; 4 mg/mL)
were dispersed in Milli-Q water in glass vials by UP200S
ultrasonic processor (Hielscher Ultrasonics GmbH, Teltow,

Germany) for 5 min at intensity 50%, and 3 μL of each sample
was used for the measurement.

Results and discussions

First, PSI (Mw ~30,000) was converted into linear PHEA-Tyr
by an aminolysis reaction (Scheme 1). The content of Tyr on
the PHEA-Tyr polymer was determined to be 18.5 mol% by
UV spectroscopy at 275 nm. The PHEA-Tyr polymer was
analyzed with GPC, and it was found that the synthesized
polymer had a dispersity of Ð = 1.71 and that the number
average (Mn) and weight average (Mw) molecular weights
were 7900 and 13,500, respectively.

The PHEA-Tyr was then used for the preparation of
crosslinked nanoparticles with the assumption that linear
PHEA exists in a random coil conformation in aqueous solu-
tion [34], which could contribute to the desired formation of
spherical particles. Before the nanoparticle synthesis, the
PHEA-Tyr solution in 1 M NaCl (1 mg/mL) was examined
by DLS because the reaction environment for the preparation
of the nanogels contains NaCl in this concentration. The re-
sults showed a bimodal intensity-based distribution, indicat-
ing the presence of clusters with Rh ~200 nm (ca. 20%) and
small particles with Rh ~6 nm (ca. 80%). This result indicates
that the majority of PHEA-Tyr polymer is present in molecu-
larly dissolved form, which is visualized in Fig. 1 by the con-
version of the measured intensity- to volume-based distribu-
tion. This observation is well correlated with the results of
Coviello et al., who found that PHEAwith a molecular weight
Mw = 52,000 formed random coils with a radius of gyration of
~6 nm in aqueous solution [35].

The main objective of this work was to prepare crosslinked
nanometer-sized hydrophilic particles from biocompatible

Fig. 1 DLS results of the examination of an aqueous solution of PHEA-
Tyr as an intensity-based distribution (solid) and a volume-based distri-
bution (dash)
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PHEA-Tyr by enzymatic crosslinking in an inverse
miniemulsion. The effect of various concentration of aqueous
solution of PHEA-Tyr (4 to 12 wt%) in aqueous solution was
investigated on the final particle size and morphology. As the
first, the stable inverse miniemulsion consisting of PHEA-Tyr,
water, HRP, CHX, SPAN 80, and NaCl, which acted as a
lipophobe preventing the droplets from coalescence, known
as Ostwald ripening, was obtained after the sonication proce-
dure because it represented a crucial point of overall procedure
[21]. The initial inverse miniemulsions were analyzed by DLS
to obtain Rh values of the formed droplets which grew from
202 ± 15 to 357 ± 90 nm with increasing PHEA-Tyr concen-
tration. Secondly, the formed inverse miniemulsion was trans-
ferred into a reactor, and while being vigorously stirred, the
H2O2 was added to ensure an immediate formation of the
nanogel. In this system, each droplet composed of the
PHEA-Tyr random coils represented a small reactor. The in-
troduction of H2O2 molecules into the droplet initiated the
enzymatic covalent crosslinking between the globular coils
and the formation of the intrinsic network within the nanopar-
ticle. We assumed that H2O2 mainly acted as the crosslinking
agent after penetration into the droplets when appeared on the
oil-water interface and also during collision of the droplets.
The resulting colloidally stable nanogels (NG1–5) were then
purified, freeze-dried, and sonicated in water for further ex-
amination by DLS, NTA, and cryo-TEM.

The DLS analysis with double extrapolation of final NG1–
5 nanogels demonstrated that the Rh

0 increased from 271 ± 5
to 449 ± 23 nm with increasing concentration of PHEA-Tyr in
the miniemulsion (Table 1) as was observed with the sizes of
initial emulsions. This observation suggested that at higher
concentrations of PHEA-Tyr, the inverse miniemulsion with
larger polymer precursor-based droplets were formed
resulting in the larger final nanogel. The increase of polymer
precursor concentration also led to formation on nanogels with
broad particle size distribution.

Although all DLS measurements of the original emulsions
were performed at one angle and the measurement of nanogels
with double extrapolation, it was possible to trace that the
sizes of the nanogels were close to Rh of the corresponding
inverse miniemulsion droplets. This could support our as-
sumption that the sizes of final nanogels could be regulated
by initial concentration polymer precursor and droplet size of
starting inverse miniemulsion which was in agreement with
theory about conventional miniemulsion polymerization
when the average particle size is comparable to the original
droplet size [36]. Due to the fact that the DLS measurements
of the original emulsions were performed only at 90° angle,
these values were not mentioned in Table 1.

The NG1–5 nanogels were further analyzed by NTA, be-
cause this analysis enables more accurate sizing and high res-
olution of particle size distribution compared to DLS and vi-
sualization of nanoparticles in dispersion [37]. The measure-
ments confirmed that the Rh of the NG1–NG5 increased with
increasing polymer precursor concentration (Table 1).
However, the sizes collected by NTA were approximately
two times lower than data obtained by DLS. The differences
could be explained by the fact that DLS method is not sensi-
tive in resolving of sample peak with broad size distribution,
and the results can be affected by presence of larger particles
which scatter the light more that smaller particles [37]. This
effect may complicate the accurate sizing. Table 1 also in-
cludes the standard deviation (SD) values of the five indepen-
dent measurements for each sample calculated by the NTA
software. The SDs were rather high, indicating that sizes of
NG1–5 were spread out over a wider range of values.

Contrary to the size of nanogels, the reaction conversion
decreased with increasing PHEA-Tyr concentration in the dis-
persed phase (Table 1). This decline was explained by the fact
that H2O2 was maintained at a constant concentration and thus
always initiated a crosslinking of the same amount of the
polymer precursor regardless of the increase of PHEA-Tyr
concentration in the reaction feed. Therefore, more unreacted
and non-crosslinked polymer precursor was removed during
washing step in the case of HRP/H2O2-mediated crosslinking
in inverse miniemulsion of PHEA-Tyr with the higher
concentration.

Figure 2a–e demonstrates the NTA video frames of visual-
ized and analyzed NG1–NG5 in aqueous dispersion. It was
obvious that HRP/H2O2-mediated crosslinking of PHEA-Tyr
polymer precursor in an inverse miniemulsion resulted in the
nanoparticles which were individual and had broad size dis-
tribution. But our poly(amino acid)-based nanogels were in-
soluble in water and colloidally stable in aqueous dispersion
because they did not form aggregates.

The cryo-TEM analysis was carried out to deeply investi-
gate the architecture, morphology, and size of the purified
nanoparticles. However, it is important to emphasize that the
measurement was complicated due to the low contrast and

Table 1 Summary of HRP-catalyzed crosslinking in inverse
miniemulsion, DLS, and NTA measurements

Nanogel
PHEA-Tyr
concentration
(wt%)

Rh
0 of

nanogelsa

(nm)

Rh of
nanogelb

(nm)

Conversion
(%)

NG1 4 271 ± 5 158 ± 53 52

NG2 6 410 ± 23 186 ± 87 47

NG3 8 333 ± 10 165 ± 50 37

NG4 10 409 ± 31 231 ± 80 25

NG5 12 449 ± 23 266 ± 91 31

aHydrodynamic radius Rh
0 was obtained by DLS with double extrapo-

lation of measured data to q = 0 and concentration c = 0
bMean hydrodynamic radius Rh was obtained by NTA from volume
distribution
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softness of the nanogels. Therefore, we analyzed NG1 and
NG5 nanogels which represented the most different samples
in our set of experiments.

Figure 3a–f shows the cryo-TEM images of NG1 and NG5
nanogels, which confirmed that the combination of HRP/
H2O2-mediated crosslinking in the inverse miniemulsion led
to the successful formation of spherical nanoparticles from the
PHEA-Tyr polymer precursor. The cryo-TEM images of NG1
nanoparticles (Fig. 3a, b) documented that prepared nanogel
were spherical in shape and had compact structure, seemingly
composed of the small ~5-nm globules corresponding to the
PHEA-Tyr coils. This similarly composed architecture was
also observed with elastin-like recombinamer nanogels [38].
Moreover, our finding was in agreement with the DLS mea-
surement of solution of PHEA-Tyr in 1 M NaCl which
contained the polymer coils with Rh ~6 nm. This also sug-
gested our primary hypothesis about particle formation from
the PHEA polymer precursor.

In contrast to NG1, the NG5 nanogel (Fig. 3c–f) was softer,
contained large pores with the approximate radius from 20 to

70 nm, and its morphology resembled low HRP/H2O2-
crosslinked poly(amino acid)-based hydrogels [39]. Our
cryo-TEM observations proved that final architecture of the
nanogels was strongly dependent on the initial concentration
of PHE-Tyr polymer precursor. In case of 4 wt% of PHEA-
Tyr, the miniemulsion contained smaller droplets and the ad-
dition of H2O2 induced the crosslinking of more polymer
chains in each droplet resulting in less optically transparent
NG1 nanogel with more rigid structure and less unreacted
polymer precursor was removed during washing step. Also,
Koul et al. observed that the interpenetrating polymer network
nanogels composed of poly(acrylic acid) and gelatin with high
cross-linked density prepared by inverse miniemulsion tech-
nique showed higher contrast during transmission electron
microscopy [40]. In spite of that, less polymer chains were
transformed into the crosslinked nanostructure when ini-
tial concentration of PHEA-Tyr was 12 wt%, and the ob-
tained NG5 was larger with highly porous and soft struc-
ture, more optically transparent. Moreover, these hydrogel
nanoparticles seemed to be lower crosslinked in

Fig. 2 NTA video frames of
aqueous dispersions of (a) NG1
with mean Rh = 158 ± 53 nm, (b)
NG2 with mean Rh = 186 ± 87
nm, (c) NG3 with mean Rh = 165
± 50 nm, (d) NG4 with mean Rh =
231 ± 80 nm and (e) NG5 with
mean Rh = 266 ± 91 nm prepared
by HRP/H2O2-mediated
crosslinking in an inverse
miniemulsion. The analyses run
for 60 s and were repeated five
times with manual adjustment.
All measurements were
performed at 25 °C. Camera type
sCMOS, Green laser type and
camera level 13
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comparison with NG1 and structurally similar to low
crosslinked hydrogels. Wu et al. described a preparation
of ~200-nm polyglycerol nanogels in diameter with spher-
ical shape and porous structure by HRP/H2O2-catalyzed
crosslinking in inverse miniemulsion [41]. However, the
authors stated that their porous nanogel was water-solu-
ble, what seemed to be inconsistent with their conclu-
sions. Despite the fact that our cryo-TEM images did
not show a sufficient number of particles to analyze their
average radius, the average size of the depicted NG5

particles was evaluated and found to be in range from
80 to 290 nm and average radius was 175 ± 58 nm.

Conclusions

In summary, we found that the two approaches, HRP/H2O2-
mediated crosslinking and inverse miniemulsion technique,
can be applied for the preparation of spherical and colloidal
stable poly(amino acid)-based nanogels. By taking advantage

Fig. 3 Cryo-TEM images of NG1
(a, b) and NG5 (c–f) with
different magnitudes

Colloid Polym Sci (2018) 296:995–1003 1001



of PHEA-Tyr polymer precursor behavior in aqueous solution
and knowledge of conventional inverse miniemulsion poly-
merization, the nanogels with various sizes and morphologies
were prepared depending on initial concentration of the poly-
mer precursor. The average Rh

0 values were determined by
DLS and mean Rh by NTA. Both measurements showed that
the size of the nanogels increased with the increasing concen-
tration of the polymer precursor. The prepared nanogels were
visualized by NTA confirming their colloidal stability in water
and nanoparticle character. The architecture and morphology
of the final nanogels varying from compact to soft and highly
porous structures also depended on the initial concentration of
the polymer precursor which was documented by cryo-TEM
images. While these nanogels were prepared from a non-
degradable precursor, this study provides an important back-
ground for subsequent synthesis of a poly(α,L-amino acid)-
based biodegradable nanogel and proved the usefulness of the
method to synthesize covalently crosslinked, colloidal stable
nanoparticles from other polymer precursor with reactive
functional groups.
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