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Abstract: Epithelial tissue regeneration may be favored if the tissue receives both therapeutic agents
such as recombinant human epidermal growth factor (rhEGF) and, simultaneously, antibacterial
materials capable of reducing the risk of infections. Herein, we synthesized silver nanoparticles
(AgNPs), which are well-known antibacterial materials, and impregnate them with rhEGF in order
to study a bio-nanomaterial of potential interest for epithelial tissue regeneration. A suspension
of Ag NPs is prepared by the chemical reduction method, employing sodium citrate as both a
reducer and capping agent. The AgNPs suspension is mixed with a saline solution containing rhEGF,
producing rhEGF-coated Ag NPs with rhEGF loadings between 0.1 and 0.4% w/w. ELISA assays of
supernatants demonstrate that, in all studied cases, over 90% of the added rhEGF forms part of the
coating, evidencing a high efficiency in impregnation. During the preparation of rhEGF-coated Ag
NPs, no significant changes are observed on the nanoparticles, which are characterized by UV-Vis
spectroscopy, transmission electron microscopy (TEM) and infrared spectroscopy. The liberation
of rhEGF in vitro was followed for 72 h, finding that approximately 1% of rhEGF that is present is
released. The rhEGF-coated AgNPs shows antibacterial activity against E. coli, although such activity
is decreased with respect to that observed from naked AgNPs. Having confirmed the possibility
of simultaneously liberating rhEGF and reducing the proliferation of bacteria, this work helps to
support the use of rhEGF-loaded metallic nanoparticles for tissue regeneration.
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1. Introduction

Nanoparticles, often recognized as materials with diameters less than 100 nm, have
interesting physical and chemical properties, which allow for their application in a variety of
fields, including catalysis, energy, microelectronics, sensing and biomedicine [1]. Scientist
have rapidly utilized the exceptional qualities of nanomaterials for diverse biological
and medical applications in the last two decades, leading to the development of novel
biomedical materials for drug delivery and early diagnosis [2–4].

In drug delivery, the reduced size of nanoparticles allows for their enhanced pen-
etration into target organs. The possibility of controlling the nanoparticle size and the
surface-to-volume ratio allows for control of both the stability and release rate of thera-
peutic agents capable of promoting the regeneration process [5,6]. Additionally, the use
of nanoparticles allows for a more targeted delivery of agents, decreasing the need for re-
peated administrations and reducing the risks associated with treatment-related allergies [7].
Nanomaterials employed in drug delivery include polymeric and metal-based nanoparti-
cles. Polymeric nanoparticles can shield proteins from undesirable interactions with the
environment, improve protein stability, and increase the circulation time. These benefits are
strongly influenced by polymer qualities such as hydrophilicity, chain length, conformation,
and biocompability [8]. For example, efforts to develop poly(lactic-co-glycolic acid)-based
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nanoparticles (PLGA NPs) for the delivery of proteins and peptides have increased in
recent years, owing to the fact that peptides, in general, cannot easily be administered
orally or through the skin due to their short half-lives in vivo. In this regard, protein and
peptide medications encapsulated in PLGA nanoparticles have allowed for simpler and
less painful therapies [9]. However, the intestinal absorption of the peptides could be
affected by PLGA nanoparticle properties such as size, surface charge, and hydrophobic-
ity [10]. Polymeric nanoparticles often have larger sizes than metallic nanoparticles (more
than 100 nm), which may reduce their ability to be delivered to target locations within an
organism [11]. Metal-based nanoparticles represent a broad group of inorganic materials
whose size can be better controlled down to a few nanometers, with interesting chemical
and physical properties. They include, for example, metal oxide nanoparticles, where those
with magnetic properties stand out due to the possibility of directing them to target organs
by applying magnetic fields. Metallic nanoparticles are mostly restricted to elements with
high stability in biological media, such as those of silver, copper, and gold [12,13]. This
type of nanoparticle has size-dependent chemical and electronic properties that need to be
considered in order to decide how it should be used in biomedical applications [14].

Among the metallic nanoparticles, silver nanoparticles (AgNPs) have received a great
deal of attention in recent years [15]. Silver has been used in medical applications since
the dawn of civilization, since it has anti-inflammatory and antibacterial properties [15].
These properties are key in wound healing, and for this reason, silver is included in several
formulations for skin regeneration [4,16–18]. In this sense, AgNPs offer an advantage in
wound healing as they are effective against the bacteria that generate biofilms, which have
long been a concern owing to their resistance to traditional antimicrobial therapy [19]. The
AgNPs–bacteria interaction could be explained in multiple ways. For example, electro-
static attraction can occur between negatively charged AgNPs (for example, when anionic
stabilizers such as citrate are used) and positively charged integral protein residues on
the bacteria surface. Using a different approach, AgNPs have the ability to infiltrate the
bacterial membrane and cause cellular inactivation through a variety of processes, includ-
ing their ability to restrict cellular respiration, to delay DNA replication, and to produce
reactive oxygen species (ROS) [20–23]. Because of their diversity (size, form, physical and
chemical properties), AgNPs may be employed in a wide range of applications. However,
concerns have arisen regarding the use of AgNPs, especially when their size is below
10 nm, due to their cytotoxicity to many human cells, long-term exposure and tendency
to agglomerate inside the body [24,25]. While these concerns require additional investi-
gations, their application carries a considerably lower risk when used externally, such as
in epithelial tissue regeneration. Indeed, certain uses, such as AgNPs-based dressings for
wound treatment, have been shown to be safe and effective [22,26,27].

Silver nanoparticles have been employed to deliver bioactive peptides, providing
noteworthy results in tissue regeneration [28]. AgNPs can be synthesized in various sizes
and shapes (spheres, rods, and tubes) by carefully controlling the synthesis conditions [4].
Furthermore, owing to their negative surface charge, they exhibit high reactivity and can be
easily linked with proteins and other biomolecules [29]. In our research group, we success-
fully generated silver nanoparticles at high concentrations, using the chemical reduction
method with silver nitrate as a silver precursor and sodium citrate as a reducing/capping
agent [30]. The attachment of other molecules to these nanoparticles can be achieved in two
manners: direct attachment, relying on nanoparticle–protein interactions driven by van der
Walls forces [31], and indirect attachment, which involves specific chemistries, such as click
reactions [3]. These strategies are designed considering the possibility of the controlled
release of such agents [32,33]. Understanding the interaction between nanoparticles and
proteins is critical for the safe and effective use of AgNPs. There are several approaches
for studying NP–protein interactions, but the most frequent include UV-Vis spectroscopy,
Fourier-transform infrared spectroscopy (FTIR), dynamic light scattering, and zeta potential
analysis [34–36].
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Nanotechnology has emerged as a potential solution due to its use of nanoparticles
as bioactive peptides transport vectors, as well as a potential antiseptic [37]. The tissue
regeneration process is aided by bioactive proteins that are carefully controlled and released
by the surrounding tissue. Growth factors (GFs) and cytokines stand out among these
bioactive peptides [38]. GFs are polypeptide molecules that attach to cell receptors and
provide information on migration, proliferation, differentiation, survival, and secretion. The
popularity of GFs in novel therapies has recently increased, because they are easy to use and
have a low cost [39]. Among the molecules needed to be delivered for tissue regeneration,
recombinant human epidermal growth factor (rhEGF) is key, as this biomolecule plays
an important role in wound and burn healing by encouraging the growth, proliferation,
differentiation, and survival of epithelial cells [39,40]. Since rhEGF works by attaching
to a particular membrane receptor (EGFR), carriers must maintain stable specific binding
sites and receptor affinity zones. Furthermore, when the EGF–EGFR complex is activated,
it causes cellular biochemical changes that help with inflammation, wound contraction,
and fibroblast proliferation. Specifically, rhEGF is a single-chain polypeptide composed of
53 amino acid residues, with a molar mass of 10 kDa that contains six cysteine residues in
its structure, which generate three disulfide bridges that are required for affinity with the
receptor (EGFR) to which it binds via the β-loop segment (specific binding site). It is critical
to note that these precise binding sites, affinity zones with the receptor, and physiologically
active regions must be stable for rhEGF and EGFR binding to occur properly and achieve
the desired performance [41,42].

Previous studies have focused on the application of rhEGF–AgNPs in diabetes treat-
ments [43], second-degree burns [22] and imaging [44]. The present work explores, at a
more fundamental level, the interaction between rhEGF and silver nanoparticles, following
potential changes in the structure of rhEGF upon interaction with AgNPs, measuring the
liberation of rhEGF in a solution simulating a physiological medium, and evaluating their
antibacterial properties against E. coli.

2. Experimental Section
2.1. Synthesis of Ag Nanoparticles and rhEGF-Coated Ag Nanoparticles

AgNPs were synthesized using an adapted version of the Frens method, which was
previously published by our group [30]. In brief, 50 mL of a 1 mM AgNO3 (purity of
99.8%, J.A. Elmer) solution was placed in an Erlenmeyer flask with a stir bar in the dark
and heated/stirred until boiling point. Immediately, 500 µL of a 0.189 M sodium citrate
(purity of 99.9%, Movilab) solution was added, and the mixture was stirred for 20 min. The
resulting AgNPs were centrifuged (Eppendorf® Centrifuge 5415 C) at 2040 RCF (relatively
centrifugal force) for 30 min and later resuspended in 1.5 mL of distilled water. The silver
concentration of this solution was around 3.6 g Ag/L, as determined by weighing 500 µL
of AgNPs solution dried under vacuum. Finally, AgNPs were stored at 4 ◦C in the dark.

For the impregnation of rhEGF to AgNPs, volumes of 15, 35, and 55 µL of rhEGF
(from Escherichia coli in 50 mM HEPES/ 300 mM NaCl/ 10 mM Sodium Metabisulfite/20%
glycerol at pH 8.0, Dundee Cell Products) were added to vials containing 250 µL of the
solution of suspended AgNPs. Later, distilled water was added until the total volume in
the three vials was 500 µL. This resulted in rhEGF-coated AgNPs containing, approximately,
1000, 2500, and 4000 ng of rhEGF. Considering the amount of silver, the rhEGF-coated Ag
NPs had loadings of roughly 0.1, 0.25 and 0.4% rhEGF. The resulting solutions were placed
in a stirring plate (IKA®-Schuttler MTS 4) at 700 RPM (revolutions per minute) for 4 h.
Then, rhEGF-coated AgNPs were collected by centrifugation at 2040 RCF for 30 min and
resuspended in distilled water. Supernatants were stored to evaluate the loading efficiency
through EGF ELISA assays (catalog # KHG0061, Thermo Fisher Scientific Inc., Waltham,
MA, USA).



Reactions 2023, 4 716

2.2. Characterization of Ag Nanoparticles and rhEGF-Coated Ag Nanoparticles

The synthesis of pure and rhEGF-coated AgNPs was achieved using UV-Visible spec-
troscopy with a NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific Inc.). The
nanomaterial size and morphology were characterized by transmission electron microscopy
(FEI Tecnal F30 300 kV). The changes in rhEGF were followed using single-point attenu-
ated total reflectance Fourier-transform infrared (ATR-FTIR) spectroscopy, performed on a
Shimadzu IR Tracer-100 FTIR, with each spectrum obtained after 200 scans at a resolution
of 4 cm−1 in the spectral range 4000–400 cm−1.

2.3. rhEGF Release Experiments

For the determination of rhEGF released from AgNPs, experiments were performed in
a solution containing phosphate-buffered saline (PBS, 500 uL at pH 7.4) and bovine serum
albumin (BSA, 0.1% w/v), compounds able to generate a medium resembling physiological
conditions. The resulting products were slowly shaken at 37 ◦C. Each 24 h for 3 days, rhEGF-
coated AgNPs were collected by centrifugation at 2040 RCF for 30 min and resuspended in
distilled water. Supernatants were stored for evaluation.

2.4. Antimicrobial Assays against E. coli

Antibacterial tests against E. coli (ATCC® 8739) were performed following previous
reports from our group [24]. In brief, E. coli (inoculated in 50 mL of Luria–Bertani (LB)
medium for 24 h at 37 ◦C) was purified and resuspended in the same medium. The resulting
E. coli (8.8 × 109 CFU/mL) was diluted five-fold in LB medium. A total of 50 µL of the
fifth dilution was suspended in 1 mL of distilled sterile water supplemented with pure
AgNPs and rhEGF-coated AgNPs (in different amounts of EGF, as described in Section 2.1)
in the synthesis media. The suspensions were followed over 24 h through measurements
of the optical density at 600 nm, since an increased optical density has been associated
with the proliferation of E. coli [45]. In addition, suspensions of pure AgNPs and 4000 ng
rhEGF-coated AgNPs in the synthesis medium and in PBS/BSA media were shaken for
5 min, and 100 µL of the suspensions were cultured on MacConkey agar plates for 24 h.
Colonies were counted on each plate, and all experiments were performed in triplicate,
from which standard deviations were estimated and reported as errors in the following
section.

3. Results and Discussion
3.1. Characterization of Ag Nanoparticles and rhEGF-Coated Ag Nanoparticles

The Frens method was employed to synthesize AgNPs, which resulted in nanoparticles
of 5.8 nm and 68.8 nm with spherical and cylindrical shapes at high concentrations. It also
provided percentages of variance throughout the synthesis reproducibility process, of 5.5%,
0.71%, and 4.3% for absorbance, maximum wavelength and FWHM values, respectively.
Furthermore, when compared to typical synthesis methods, this technique yields more
stable nanoparticles, as previously reported by our group [3,30]. Figure 1 shows the UV-Vis
spectrum and TEM of pure AgNPs and of these nanoparticles coated with three different
amounts of rhEGF (1000, 2500, and 4000 ng rhEGF). The loading effectiveness of rhEGF
over AgNPs was, in all cases, over 94%, as determined from the ELISA assays (Table 1)
Considering the volume and concentration of the Ag NP suspension, the nanoparticles
feature loadings of ~0.11, 0.25, and 0.37% rhEGF.
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Table 1. Loading efficiency (%) of rhEGF over AgNPs. Measurements were taken for the initial 
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urements is the rhEGF loaded on AgNPs. 
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4000 ng EGF-coated AgNPs 3891.25 3667.25 94.24 

Figure 1A shows that, upon the addition of rhEGF, there is a red shift of roughly 15 
nm, which is associated with an increase in the nanoparticle size due to the effective at-
tachment of rhEGF onto the nanoparticle surface [46]. Even though the AgNPs are initially 
stabilized by the attachment of citrate anions to the surface [47], rhEGF is also negatively 
charged, since its isoelectric point (4.43) is lower than the pH of the mixing solution (close 
to neutral). Since the molecular weight of rhEGF is higher to that of citrate ions, the former 
can effectively compete for surface sites and ultimately displace citrate ions through a 
combination of electrostatic forces, van der Waals interactions and hydrophobic interac-
tions [44,46,47]. We suggest that the competition for or displacement of citrate by EGF 
facilitates the coalescence and growth of nanoparticles, which would also lead to the de-
crease in absorbance as the amount of interacting rhEGF increases (Figure 1). However, it 

Figure 1. (A) UV-Vis spectra of silver nanoparticles with and without rhEGF. The concentration
of Ag NPs is 33.4 mM, and later 1000, 2500, and 4000 ng of rhEGF were added. (B–E) show TEM
micrographs for pure AgNPs and for 1000, 2500, and 4000 ng rhEGF-coated AgNPs, respectively.

Table 1. Loading efficiency (%) of rhEGF over AgNPs. Measurements were taken for the initial rhEGF
solution used in synthesis and for supernatants after the interaction. For simplicity, values in the text
are rounded to 1000, 2500 and 4000 ng rhEGF. The difference between these two measurements is the
rhEGF loaded on AgNPs.

rhEGF Used in
Synthesis (ng)

rhEGF Loaded on
AgNPs (ng)

Loading Efficiency
(%)

1000 ng EGF-coated AgNPs 1061.25 1060.25 99.90
2500 ng EGF-coated AgNPs 2476.25 2456.25 99.20
4000 ng EGF-coated AgNPs 3891.25 3667.25 94.24

Figure 1A shows that, upon the addition of rhEGF, there is a red shift of roughly
15 nm, which is associated with an increase in the nanoparticle size due to the effective
attachment of rhEGF onto the nanoparticle surface [46]. Even though the AgNPs are
initially stabilized by the attachment of citrate anions to the surface [47], rhEGF is also
negatively charged, since its isoelectric point (4.43) is lower than the pH of the mixing
solution (close to neutral). Since the molecular weight of rhEGF is higher to that of citrate
ions, the former can effectively compete for surface sites and ultimately displace citrate ions
through a combination of electrostatic forces, van der Waals interactions and hydrophobic
interactions [44,46,47]. We suggest that the competition for or displacement of citrate by
EGF facilitates the coalescence and growth of nanoparticles, which would also lead to the
decrease in absorbance as the amount of interacting rhEGF increases (Figure 1). However, it
is also possible that the decrease in absorbance originates from the fact that the interaction
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between rhEGF and AgNPs changes the manner in which surface plasmon electrons behave,
as they become less invested in absorbing light and more invested in interacting with the
rhEGF molecules [48]. The rhEGF–AgNPs interaction is evidenced by TEM images, as
seen in Figure 1B–E, where, at higher concentrations of rhEGF, there is some blurriness
surrounding the nanoparticles. These “clouds” correspond to rhEGF molecules coating
the nanoparticle and confirm that the addition of greater amounts of rhEGF favors the
attachment. The rhEGF-coated AgNPs seem to have a similar stability to pure AgNPs, as
deduced from the fact that the stored nanomaterials showed only minor changes in the
absoprtion spectra even after one week (Figure S1).

As mentioned before, ATR-FTIR has been used to investigate structural and conforma-
tional changes in proteins in order to evaluate changes in stability [36,49]. rhEGF presents
three disulfide bridges (part of its tertiary structure) that are critical to its affinity for the
receptor (EGFR) to which it binds via the β-loop segment (part of its secondary structure).
Since the interaction between rhEGF and AgNPs may modify these structures, a structural
examination of the polypeptide is required to assess its potential functionality and efficacy
of usage. The secondary structure of proteins and polypeptides can be followed by FTIR,
specifically observing changes at the amide I region (from 1700 cm−1 to 1600 cm−1) [42,50],
which is shown in Figure 2A. While no bands were observed in pure AgNPs, there was
a rise in absorbance strength for the bands centered at 1681 cm−1, 1666 cm−1, 1649 cm−1,
1635 cm−1 and 1618 cm−1 as the amount of rhEGF was increased. The second derivative
of the FTIR spectra (Figure 2B) more clearly shows the changes that occurred upon the
addition of rhEGF. Larger absorbance intensity values are expected at higher levels of
rhEGF, as more loop structures and beta sheets are present (even though IR spectroscopy is
not a quantitative technique, qualitative changes can be deduced). Previous studies have
shown that the greater the amount of rhEGF loaded on nanoparticles, the stronger the
rhEGF–rhEGF interaction that is established, resulting in fewer changes in its structure [50].
Furthermore, the presence of loop structures and β-sheets would imply better adherence of
the rhEGF to the NPs, resulting in greater polypeptide stability. Since the secondary struc-
ture of rhEGF is maintained, it is also likely that the tertiary structure remains unchanged,
which would be an important advantage for the application of rhEGF-coated nanoparticles
in tissue regeneration, where the ability of rhEGF to bind to its receptor is key [42,51].
Additionally, because the loop structures are preserved throughout the interaction, the
β-loop segment as well as the disulfide bridges may retain their stability and polypeptide
maintains its biological activity. Since further confirmation of the stability of rhEGF upon
impregnation lies beyond the aim of the present study, we focus next on studying the
possibility of liberating rhEGF.

3.2. Release of rhEGF

By using EGF Elisa assays, the total amount of rhEGF (ng) released from 1000, 2500,
and 4000 ng rhEGF-coated AgNPs (concentration of 3.6 g/L) was measured over the course
of three days. It is important to highlight that these experiments were conducted in a
medium containing ions usually present in physiological medium; therefore, the results
could be taken as a representative of what would happen in a real application. It is also
important to note that the temperature and pH value utilized in these experiments (37 ◦C
and 7.4, respectively) may have an effect on the quantity on rhEGF that is released. Previous
studies have found that the cumulative release of EGF occurs in an increasing sequence
at any pH value [52]; therefore, it may be concluded that the interactions between rhEGF
and AgNPs (van der Waals, electrostatic and hydrophobic) are the most critical elements
influencing rhEGF release. The rhEGF release was monitored in the supernatants at 12,
24, 48, and 72 h (Table 2 and Figure 3). As expected, the amount of rhEGF released is
greater as the rhEGF load increases. However, it is important to consider that the released
rhEGF released 2% of the 1000 ng rhEGF-coated AgNP, while, for both the 2500 ng and
4000 ng rhEGF-coated AgNPs, the amount that is released accounts for ~1% of rhEGF.
In the previous section, it was mentioned that higher loadings may promote stronger
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rhEGF–rhEGF interactions; the fact that liberation is proportionally higher for 1000 ng
rhEGF-Ag NPs seems to confirm this fact. The attempts to fit the data to simple first-,
second-, or zero-order reactions were not successful, which suggests that liberation is a
complex process or that the liberation of rhEGF follows various stages.
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Table 2. Release of rhEGF-coated AgNPs during 72 h, expressed in nanograms and in parenthesis, as
a percentage of the initial loading for each case.

Time (hours) 1000 ng EGF-Coated
AgNPs

2500 ng EGF-Coated
AgNPs

4000 ng EGF-Coated
AgNPs

12
7.77 11.66 21.6

(0.777%) (0.466%) (0.54%)

24
12.77 19.98 34.82

(1.277%) (0.799%) (0.87%)

48
17.91 26.31 41.95

(1.791%) (1.052%) (1.048%)

72
20.24 26.59 46.7

(2.024%) (1.063%) (1.166%)
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Figure 3. rhEGF release (ng) from rhEGF-coated AgNPs at 12, 24, 48, and 72 h. Liberation experiments
were conducted in a physiological medium, as described in the text.

3.3. Antimicrobial Assays Using E. coli

The activity of AgNPs and rhEGF-coated AgNPs was first explored using the optical
density of 600 nm as a guide for suspensions of E. coli with the addition of AgNPs with
different amounts of rhEGF (See Section 2.4). These experiments showed a decrease in the
optical density (which is associated with a decrease in the growth of E. coli) in the presence
of pure AgNPs and of rhEGF-coated AgNPs (Figure 4). Even though this is an indirect
guide, it is interesting to notice that the smaller rhEGF loadings (1000 and 2500 ng) yield
optical densities very close to that of pure Ag NPs, while the 4000 ng rhEGF-coated AgNPs
yield greater optical densities. This suggests that small rhEGF loadings do not affect the
antibacterial capabilities of AgNPs, but greater loadings interfere with the antibacterial
mechanisms. A likely explanation for the decreased antibacterial activity for greater rhEGF
loadings is that rhEGF attaches strongly to the nanoparticle, stabilizing it and impeding the
release of silver ions and the subsequent generation of reactive oxygen species.

For preparing cultures and testing the activity towards E. coli, only 4000 ng rhEGF-
coated AgNPs were chosen, since this loading indicated differences with respect to pure Ag
NPs in Figure 4. Figure 5 shows the antibacterial activity of 200 g/mL AgNPs and 4000 ng
rhEGF-coated AgNPs against E. coli in synthesis and physiological media after 72 h. When
compared to pure AgNPs, rhEGF-coated AgNPs exhibit a decrease in antibacterial activity
in both media, confirming the results from Figure 4 and the conclusion that the rhEGF
coating facilitates the stabilization of Ag NPs and, consequently, reduces their antibacterial
efficacy. It is interesting to notice that both AgNPs and rhEGF-coated AgNPs display lower
antibacterial activity in the physiological medium. While this may be attributed to the
coalescence and formation of larger AgNPs in a saline environment [31,45], it is worth
considering that this environment may inactivate the generation and/or activity of Ag+

ions.
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4. Summary and Conclusions

The present work demonstrates that rhEGF can be attached to silver nanoparticles
in a straightforward manner, without significantly altering the nanoparticle size or the
structure of the polypeptide. rhEGF loadings achieved in this work account for 0.1–0.4% of
the total weight of the rhEGF-loaded AgNPs, with an efficiency of attachment of over 94%,
as determined by ELISA assays. The formation of rhEGF-AgNPs bio-nanomaterials was
demonstrated by UV-Vis, where the interaction between rhEGF and silver nanoparticles
generates changes in the spectra, and by TEM, where rhEGF can be observed surrounding
AgNPs at higher loadings. Furthermore, rhEGF-coated AgNPs were found to remain stable
even after 7 days after synthesis. The structure of rhEGF upon interactions with AgNPs
was followed by FTIR, finding evidence of the stability of the β-loop and of the disulfide
bridges, both necessary for the biological activity of the peptide. The liberation of rhEGF in
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a medium resembling physiological conditions for 72 h was in the range 1–2%, depending
on the loading of rhEGF. Further research is needed to evaluate if greater loadings of
rhEGF result in a more facile liberation. In anti-Escherichia coli essays, the rhEGF-loaded
Ag NPs were observed to retain the antimicrobial activity of AgNPs for small rhEGF
loadings, while the highest tested loading indicated a decrease in the antimicrobial activity.
Experiments conducted in a medium containing ions present in physiological conditions
showed a decrease in the antimicrobial activity in all cases, possibly due to the passivation
or stabilziation of AgNPs. Even though this work shows that rhEGF-coated AgNPs are
bio-nanomaterials capable of liberating rhEGF and working as an antimicrobial agent,
further work regarding the effect of AgNPs’ size and shape, the enhancement of rhEGF
liberation and the elucidation of rhEGFs’ structure upon liberation is needed. In addition,
tests in conditions closer to those found in a physiological environment will be needed to
corroborate the results reported in this work.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/reactions4040041/s1, Figure S1: UV-Vis spectra of pure AgNPs and
1000 ng, 2500 ng and 4000 ng EGF-coated AgNPs as synthesized and after seven days, demonstrating
the stability of our separation/storing methods.
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