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Abstract
In this study, the interaction of a photoswitchable carboxybetaine ester-based polymer with mucus and cellulose sulfate was
elucidated, showing light-controllable viscoelastic properties. This polymer contains photolabile o-nitrobenzyl ester moieties,
allowing transformation from its polycationic form to a charge-balanced nontoxic polyzwitterionic form upon photolysis by
irradiation at 365 nm. Rheological studies revealed that the polycationic form of the polymer interacts with mucus and cellulose
sulfate to create a physically crosslinked hydrogel based primarily on polyionic complexation and partially on hydrogen bonding.
In these cases, a dramatic change in the rheological synergism was confirmed for mucus-based and cellulose sulfate-based
systems. Rheological synergism with the polycationic carboxybetaine ester sample reached nearly 4 and 3.8, while it decreased
with the charge-balanced zwitterionic sample to 0.3 and 0.7 after irradiation of the mucus-based and cellulose sulfate-based
systems, respectively. Disruption of the interaction during light-induced transformation was on-line monitored and showed a 3
and 3.3 times decrease in the elastic modulus for the mucus-based and cellulose sulfate-based systems, respectively. These
properties suggest possible biomedical applications, such as spatially controlled drug release or laparoscopic utilization.
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1 Introduction

Utilization of materials possessing the ability to control inter-
actions with bioactive species has received attention in the
biomedical, bioengineering and pharmaceutical fields [1]. A
main challenge in the formation and application of this type of
material is the lack of safety, cost effectiveness, efficiency, and
controllable triggers. The character of the interactions of these
smart materials can be tuned by applying external stimuli such
as pH, temperature, light, ionic strength, or electrical or mag-
netic field. Application of light as a noninvasive trigger has
been increasingly utilized since it can be initiated in a timely

and spatially located manner and is compatible highly delicate
bioactive species [2–4].

Materials containing carboxybetaine ester moieties have re-
ceived increased interest due to their ability to undergo chemical
changes by hydrolysis or photolysis based on the ester group
[5–8]. Carboxybetaine ester-based materials can change their
chemical properties by controlled hydrolysis or photolysis from
the cationic state to the charge-balanced zwitterionic state, and
this transformation dramatically modifies interactions with bio-
logical species [9–11]. pH- and light-induced transformations
have been applied [12, 13]. Previously, we have demonstrated
that a carboxybetaine ester-based polymer consisting of the
photolabile o-nitrobenzyl ester moiety was capable of light-
triggered transformation under 365 nm irradiation and showed
potential as a vehicle for controlled complexation and release of
DNA upon exposure to light [13]. Moreover, it showed irrevers-
ible light-switching from the polycationic form with antibacte-
rial properties to the nontoxic zwitterionic form when tested in
solution and at the surface when employing the Gram-positive
bacteria Escherichia coli, proving the good compatibility of this
polymer with living cells.

Materials with stimuli-adjustable interactions with mucus,
especially polymers, are widely used for pharmaceutical
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applications of drug delivery in mucosal areas such as the
intestine, stomach, vaginal tract, and ocular mucosa [14].
Polymers for these purposes exhibit the appropriate interac-
tion with mucus by, e.g., ionic interaction, physical entangle-
ment, van der Waals forces, hydrogen bonds or electrostatic
forces. [15–22]. However, the nature, concentration and mo-
lecular weight of the utilized polymer considerably affect the
adhesive properties and consequently affect drug absorption
[23, 24]. Furthermore, drug delivery systems can consist of
not only polymers with proper interactions with mucus but
also polymers that adhere to cellulose derivatives [25, 26].

Cellulose sulfate, as a semisynthetic polysaccharide sulfate,
possesses unique biological properties [27], such as
anticoagulation [28] and antiviral properties [29] and cell reg-
ulation function [30, 31]. Moreover, cellulose sulfate has been
used in bioengineering applications by polyelectrolyte com-
plexation for the microencapsulation of enzymes [32] or
Langerhans islets [33].

Additionally, there is limited time for suitable interactions
between the polymer and both the mucus and cellulose (sub-
strates). Here, various aspects, such as the thickness of the
substrate, cyclic changes, viscosity and pH, play an important
role [34, 35].

For these purposes, variousmethods were employed to eval-
uate the interaction of the polymers with the substrate. Tensile
tests, as a representative assessment for ex vivo studies, were
used due to their simplicity [36, 37]. Furthermore, rheological
studies based on the viscosity measurement of polymer solu-
tions in the absence and in the presence of mucus have been
published [38]. Here, rheological synergism, which is a calcu-
lated parameter, expresses the strong interaction of the polymer
with the substrate. Based on these findings, other authors
started to utilize oscillatory shear measurements to study these
interactions [39–42]. In this case, polymers were evaluated as a
bioadhesive when the rheological response of the polymer-
substrate mixture was higher than the response of both individ-
ual components [43–46]. Moreover, the rheological properties
can be influenced by the concentration of the substrates, i.e.,
after various extractions, different concentrations of the sub-
strate origins can be obtained [47–49], or by the dissolving
media used for the hydrogel preparation [39, 50]. All these
attributes need to be taken into account if such systems are to
be applied in drug delivery or for biomedical purposes.

This study is aimed to examine the interactions of a
carboxybetaine ester-based polymer bearing the photolabile 2-
nitrophenyl ester group, namely, poly(N,N-dimethyl-
N - [ 3 - ( m e t h a c r o y l a m i n o ) p r o p y l ] -N - [ 2 - [ ( 2 -
nitrophenyl)methoxy]-2-oxo-ethyl]ammonium chloride)
(CBE), with mucus and cellulose sulfate as model systems.
Additionally, from investigation of the viscoelastic properties
of both species, the adhesion of CBE and its photolyzed zwit-
terionic carboxybetaine form, poly(N-carboxymethyl-N,N-di-
methyl-N-[3-methacryloylamino propyl] ammonium betaine),

(CB), on mucus or cellulose sulfate can be investigated. The
relative rheological synergism, as a crucial parameter for this
evaluation, was evaluated. Moreover, the light-controllable in-
teraction of the transformation of carboxybetaine ester-based
samples (CBE) to carboxybetaine polymers (CB) with mucus
and cellulose sulfate was confirmed. The approaches allow the
utilization of these systems as potential materials for drug de-
livery and for release or adhesion in surgical applications.

2 Experimental

2.1 Materials

Mucus from porcine stomach (Mucin, Sigma Aldrich),
0.01 M phosphate buffer saline (PBS) pH = 7.4, cellulose sul-
fate (CS), and sodium salt were obtained fromAcros Organics
(Gee l , Be lg ium) . N - [3 - (d ime thy lamino)p ropy l ]
methacrylamide (99%, Sigma Aldrich), 2,2′-azobis(2-methyl
propionitrile) (AIBN, 98%, Sigma Aldrich), tetrahydrofuran
(THF), and dimethylsulfoxide (DMSO) were purchased from
Sigma Aldrich (USA) and used as received. o-Nitrobenzyl 2-
chloroacetate was prepared according to a modified procedure
described in the literature [51].

Ultrapure water was obtained from an Ultrapure Water
System NW Series system (Heal Force Bio-Meditech
Holdings, Ltd., China). CBE polymer with an Mw of
54,700 g.mol−1 and dispersity of 2.0 was prepared according
to a slightly modified procedure published elsewhere [13].

2.2 Sample preparation

First, 0, 0.167, 0.33, 1, 3, 4, 5, and 6 wt.% of CBE or CB was
dissolved in the corresponding amount of PBS. Then,
7.2 wt.% of mucus (M) was added to the polymer solution.
After 1 h of mixing with a magnetic stirrer, a homogeneous
sample was obtained. The prepared samples were made in
triplicate, stored and equilibrated under 5 °C in a climatic
chamber (Discovery 250, Italy) in order to avoid dehydration.
The prepared samples are summarized in Table 1. Sample
codes starting with CBE are the samples containing
carboxybetaine ester state polymer, while sample codes
starting with CB are samples of photolyzed carboxybetaine
form of the synthesized polymer (Scheme 2). In the case of
samples based on CS, a similar procedure was used for the
sample preparation. Instead of mucus, CS was utilized.

2.3 Rheological analysis

The rheological properties of the samples were determined
under oscillatory shear using a Bohlin Gemini rotational rhe-
ometer (Malvern Instruments, UK). The samples were placed
into a Couette cell with a rotating inner cylinder of 14 mm in
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diameter and a stationary outer cylinder separated by a 0.7 mm
gap. The test samples (4 mL) were loaded into the cylinder
and all measurements were performed at 15 °C due to the
increased dehydration and degradation of the material at ele-
vated temperatures [39].

The linear viscoelastic region (LVR) was determined from
the dependence of the viscoelastic moduli (storage,G′, and loss,
G″) on the strain value (γ) at an angular frequency of 6.28 rad·
s−1. A value of γ= 0.28 was chosen as the strain value in sub-
sequent frequency sweep measurements. All samples were
measured three times to ensure the reliability of the data.

2.3.1 Shear-thinning investigations

The measurements were performed at a constant frequency of
1 Hz. The strain deformations were changed from 11 to 500%.
Individual measurements at a certain deformation lasted 120 s.
Together, 5 cycles were performed in order to prove the time-
dependent behavior, and in one cycle, two different deforma-
tions were evaluated. All measurements were also performed
at a constant temperature of 15 °C.

2.4 On-line monitoring of photolysis

For the on-line monitoring of the light-induced transformation
of the carboxybetaine ester-based polymer in systems with
mucus or cellulose sulfate, linear viscoelastic conditions were
used, where γ= 0.28 and 0.7 Hz. Then, the time dependence
of the viscoelastic moduli was recorded, and their change
proved the transformation of the CBE polymer form to the
CB zwitterionic carboxybetaine form. A 365 nm OmniCure
1000s UV lamp (Excelitas Technologies, France) with an in-
tensity of 8 mW cm−2 was used for UV deposition in the UV
cell of an Anton Paar MCR-502 rotational rheometer (Anton
Paar, Austria). All measurements were performed at 15 °C in
order to avoid dehydration, and a guarded ring was used as
well. Around the geometry, a solution of PBS was dropped to
provide a saturated atmosphere of evaporated water.
Moreover, a temperature sensor was placed in the cell quite

close to the sample, and no change in the temperature was
recorded even at 0.1 °C.

2.5 Polymer/substrate interaction evaluation

Both viscoelastic moduli, storage modulus G′ and loss modu-
lus G″, were used as appropriate quantities for the evaluation
of bioadhesive properties. G′ represents the energy stored
from the application of deformation to the material that can
be recovered and reflects the elastic-like component in the
material. On the other hand, G″ represents the energy lost
from the application of deformation and reflects the viscous-
like component of the material [41].

All samples were measured in the angular frequency range
of 0.628–20 rad·s−1. These measurements indicated the be-
havior of the samples in a relatively long period as the mucus
usually occurs. The evaluations of G′ and G″ were usually
determined according to Mortazavi et al. [52]. Our determina-
tion was performed at 1.35 rad·s−1, which is similar to the
value used by Mortazavi et al. [53].

Furthermore, the viscoelastic behavior can also be described
by the loss tangent, tan δ [39]. Tan δ provides information on
the overall viscoelasticity of the sample, calculated asG″/G′. In
the case of tan δ >1, viscous-like behavior dominates, while in
the case of tan δ <1, elastic-like behavior prevails.

Synergism in rheological properties is often calculated as
the difference in the viscoelastic quantities (G′ and G″) of the
polymer-mucus mixture and the sum of the properties of the
two separate components (Eq. 1) [40, 54].

ΔG
0 ¼ G0

mix− G0
polymer þ G0

mucus
� �

ΔG″ ¼ G″mix− G″polymer þ G″mucus
� � ð1Þ

In this case, the relative rheological synergism (Eq. 2),
expressed as the relative increase in viscoelasticity, was used
for the evaluation.

ΔG
0
= G″polymer þ G″mucus
� �

ΔG″= G″polymer þ G″mucus
� � ð2Þ

Table 1 Composition of prepared mucus-based samples

wt.% of individual components in feed

Sample code M CBE 0.167-M CBE0.33-
M

CBE1-
M

CBE3-
M

CBE4-
M

CBE5-
M

CBE6-
M

CBE 0 0.167 0.33 1 3 4 5 6

M 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2

Sample code M CB 0.167-M CB 0.33-M CB 1-M CB 3 M CB 4-M CB 5-M CB 6-<

CB 0 0.167 0.33 1 3 4 5 6

M 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2
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3 Results and discussion

3.1 Polymer synthesis and photolysis

The polymer CBE was prepared by a one-pot, 2-step syn-
thesis as depicted in Scheme 1 [13]. Free-radical polymer-
ization of N-[3-(dimethylamino)propyl] methacrylamide
was per formed, fo l lowed by qua te rn iza t ion of
poly(N-[3-(dimethylamino)propyl]methacrylamide) with
o-nitrobenzyl 2-chlorooacetate in DMSO. The resulting
polymer CBE is polycationic but contains the photolabile
2-nitrophenylmethyl ester group, which can endow CB
with zwitterionic behavior after photolysis, as depicted
in Scheme 2. Subsequent photolysis of the synthesized
polymer was performed by using UV irradiation at
365 nm with an intensity of 8 mW cm−2 in the UV cell
of a rotational rheometer as described in the section 2.
The zwitterionic form of the monomer unit is charge bal-
anced, and the carboxylate anion shields the cationic
group. It should be pointed out that the resulting carbox-
ylate in the zwitterionic form is assumed to have a rela-
tively low pKa due to the electron withdrawing character
of the permanent quaternary ammonium group and should
be close to that of (CH3)3N

+CH2COO
− (pKa = 2.03) [55].

The principle of this dramatic change in the interacting
monomer unit charge was further applied for the investi-
gation of the viscoelastic properties with mucus and cel-
lulose sulfate as model compounds.

3.2 Viscoelastic properties evaluation with mucus

First, the interaction of mucus with CBE was examined as
schematically depicted in Scheme 3.

First, after mixing the two solutions of mucus and CBE, a
highly viscous solution was formed, as confirmed by visual
observation. The resulting material slowly moved after agita-
tion. No precipitation or sedimentation was observed over the
whole range of the studied concentrations of polymers and
mucus. In the case of the photolyzed form CB, the resulting
material is less viscous and shows more liquid-like behavior.

As an example, the most concentrated mucus and polymer
samples CBE6-M and CB6-M are shown in Scheme 3, dem-
onstrating the possible interactions in the system. Different
concentrations were used for investigation of the interaction
of mucus with CBE and CB, and the concentrations of the
samples and their codes are listed in Table 1.

Representative viscoelastic measurements of the samples
showed highly viscous behavior, as seen in Fig. 1. The obtain-
ed results were comparable to those observed for common
mucus-CBE polymer systems based on poly(acrylic) acid
[56, 57].

From the frequency dependence of the viscoelastic proper-
ties (G′, G″ and tan δ), enhanced elastic behavior can be seen
for the sample containing more than 1 wt.% of polymer in the
polymer-mucus mixture. Figure 1a shows that the values ofG′
increase with increasing polymer content due to increased
interaction of the polymer chains with the glycoproteins of
the mucus and reach nearly 10 Pa at 10 rad s−1. The relatively
weaker G` of the samples may be ascribed to the unfavorable
conformation of the polymer chain due to the restricted ability
of the polymer to interact by hydrogen bonds [54]. A similar
trend was observed for G″ in Fig. 1b, which also increases
with increasing polymer content. Furthermore, from the de-
pendence of tan δ onω shown in Fig. 1c, increased elasticity of
the samples can be seen with increasing polymer content as
the tan δ reaches values of approximately 1.5 at 10 rad s−1.

On the other hand, when the photolyzed form of the poly-
mer CB was used in the sample, the viscoelastic behavior is
different (Fig. 2). The G′ (Fig. 2a) only slightly increases as
the amount of photolyzed polymer (CB) increases and reaches
5 Pa at 10 rad s−1, with the exception of CB 1-M, whose
values are lower than those of neat mucus because of the
change in the functional groups of this polymer, which are
not able to sufficiently interact with the glycoproteins from
mucus. The same behavior is observed from Fig. 2b and c:
G″ as well as tan δ is not significantly influenced by the poly-
mer content and in fact reaches values of approximately 1.8 at
10 rad s−1. This can be attributed to the strong hydration of
carboxybetaine and the balanced charge in the same monomer
unit shielding access to the charged moieties.
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Scheme 1 Synthesis of the
polymer CBE with a photolabile
ester group
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To further evaluate the interaction between components of
the tested samples, the relative rheological synergismsΔG′/G′
and ΔG″/G″ were plotted against polymer concentration
(Fig. 3). As can be seen,ΔG′/G′ becomes higher with increas-
ing polymer content and exhibits rheological synergism above
a concentration of 1 wt.%. Furthermore, above a sample of
concentration of 4 wt.%,ΔG′/G′ rapidly increases from 0.2 to
4; this increase is connected to the critical polymer concentra-
tion in the systems, which provides significantly enhanced
interactions of the polymer chains with mucus compared with
those observed for other polymer systems, such as
polyallylamine [56] and chitosan-based [57] systems and de-
creased interactions compared with those of polyacrylic acid
[58]. For the sample consisting of the photolyzed polymer,
ΔG´/G´ slightly increases with the polymer content.
Moreover, the synergism of the photolyzed polymer samples
is nearly negligible and is slightly above 0.3. The synergism of
the synthesized polymer is ten times higher at the highest
polymer concentration. Similar behavior can also be observed
from the dependence of ΔG″/G″ on the polymer content.
However, a significant increase is observable when the
amount of the polymer in the sample is above 3 wt.%. Thus,
the liquid-like behavior of this system is still present.

Finally, it is necessary to conclude that the samples con-
taining the synthesized polymer CBE exhibit considerably
higher interactions than the samples containing the photolyzed
formCB due to the restricted ability of the polymer to interact
with the glycoproteins of the mucus after photolysis.

3.3 Viscoelastic properties evaluation with cellulose
sulfate (CS)

Similar concentrations of CBE and CB were used with the
same concentration of CS as is schematically showed in
Schem4 for investigating the interaction with CS, as summa-
rized by the composition in the feed and sample codes in
Table 2. Visual observation reveals the formation of a very
viscous solution with CS, which became less viscous after in-
teraction with photolyzed CB. Scheme 4 middle shows digital
images of samples containing CS with 6 wt.% CBE (middle)
and CB (right). Both samples are homogenous, and no visible
precipitation or sedimentation is observed. Similarly, as with
the mucus-based samples, the sample with CB is much less
viscous due to shielding of the positive charge in CB by the
negative charge of the zwitterionic form of the polymer.

Scheme 2 Schematic
presentation (sides) and chemical
transformation (middle) of CBE
to CB after photolysis under UV
irradiation at 365 nm

Scheme 3 Schematic presentation of interactions CBE and CBwith mucus and the images of sample CBE6-M (middle) and CB6-M (right)
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In the case of samples based on the interaction of CBEwith
CS, the viscoelasticity obtained was similar to those observed
for the mucus samples. However, in this case, the amount of
polymer (sample CBE 0.33-CS) sufficient to exhibit strong
interactions is lower than that of the sample without polymer
(Fig. 4). Figure 4a clearly shows that the elastic modulus in-
creases with increasing polymer content. In this case, the
highest contribution to the elastic modulus is up to 4% of
the polymer CBE in the sample. Above this polymer content,
the elastic modulus increases only moderately but reaches
values of over 400 Pa at 10 rad s−1. The viscous moduli of
all samples (Fig. 4b) follow the behavior of the elastic one
(increase with the polymer content). which means that no
physical interactions similar to those observed in the case of
mucus-based systems appear; instead, only dynamic ion-ion
interactions and interactions through hydrogen bonding be-
tween the polymer chains and CS are responsible for the in-
creases in both moduli [26], and the samples generally exhibit
liquid-like rather than solid-like behavior, especially at low
angular frequencies. As expected, the tan δ (overall elasticity)

decreases with polymer content (Fig. 4c). However, with in-
creasing angular frequency, the tan δ drops under 1, indicating
that solid-like behavior prevails and reaches values of 0.4 at
10 rad s−1. The interactions between polymer chains and CS
are more pronounced for samples with a polymer content of
more than 3%. This result is further studied by evaluating the
relative rheological synergism.

From the viscoelastic investigation of the samples based on
CS and CB (Fig. 5), it can be seen that the elastic modulus
increases with polymer content and that when above 3% poly-
mer is present in the sample, negligible interactions are present,
and the elastic modulus does not significantly increase at all.

For the proper investigation of the adhesive properties of
the synthesized polymer and its photolyzed form, the relative
rheological synergisms for both the elastic and viscous moduli
are plotted against the polymer content (Fig. 6). As can be
seen, the adhesive properties of the CBE-based samples were
confirmed by the values reaching nearly 3.6 in the case of G’
and by the weak adhesion of the CB-based samples after pho-
tolysis with values of approximately 0.7.

Fig. 1 Dependence of the elastic modulusG′ (a), viscous modulusG″ (b)
and tan δ (c) on the angular frequency, ω, for samples containing various
concentrations of CBE: M (■, □), CBE1-M (▲, △), CBE3-M (●, ○),
CBE4-M (★, ✰), CBE5-M (▼, ▽) and CBE6-M (◆,◇)

Fig. 2 Dependence of the elastic modulusG′ (a), viscous modulusG″ (b)
and tan δ (c) on the angular frequency, ω, for samples containing various
concentrations of CB: M (■, □), CB1-M (▲, △), CB3-M (●, ○), CB4-M
(★, ✰), CB5-M (▼, ▽) and CB6-M (◆,◇).The line is a guide for eyes
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Here, it can be again stated that, after irradiation, the adhe-
sive properties of the samples are considerably suppressed and
that no interactions or, in the case of some samples, even weak
interactions between polymer chains and the CS functional
groups are present. Moreover, these kinds of samples thus
can be utilized in applications with a controllable viscoelastic
response.

3.3.1 Shear-thinning investigations

In the various applications targeted, the injection of polymeric
systems is a very useful procedure to transport the system to
the desired location. As seen in Fig. 7, the polymer-mucus-
based systems exhibit rather negligible shear thinning, as G´
decreases only from 2.2 Pa to 1.3 Pa and G´´ decreases from
4.2 Pa to 3.5 Pa from 11 and 500% of strain deformation,

respectively. On the other hand, the polymer-CS-based sys-
tems exhibit rather high shear-thinning behavior, as the G´
decreases from 70 Pa to 12 Pa, and G´´ decreases from
103 Pa to 61 Pa for the same deformation regime. Such be-
havior is most likely caused by the quite weak ion-ion inter-
action in comparison to the polymer-mucus-based systems,
where strong hydrogen bonding is most likely responsible
for such behavior.

3.3.2 On-line monitoring of photolysis

To confirm that the already conducted rheological investigation
can be applied in real-life applications, the on-line monitoring
of the photolabile group cleavage was carried out (Fig. 8). For
both the mucus (Fig. 8b) and CS systems (Fig. 8a), it can be
seen that elastic modulus, representing the elastic behavior of
the system, decreases with increasing time (from 28 Pa to
12.5 Pa and from 0.9 to 0.28 for the CS- and mucus-based
systems, respectively) and that at 35 min of UV exposure, the
plateau is nearly reached, at which point only a slight decrease
of elastic modulus occurs. The time of irradiation for reaching
the plateau of 35 min is shorter than the previously observed
time needed for the release of DNAmolecules from complexes
on the CBE surface by plasmon resonance measurements
(180 min) [13]. This can be attributed to the higher intensity
of light used in the current case (8 mW cm−2) and the overall
UV dose for 40 min of exposure being 19.2 J cm−2. Moreover,
the effect of disrupted interactions on the viscoelastic properties
is much faster than the effect of the removal of mass from the
surface of the complexed material in a flow system.

Notably, experiments to prepare the CBE polymer on a Au
surface for bioadhesion evaluation were attempted. Attempts to
directly prepare the CBE polymer from its monomeric counter-
part by means of either SI ATRP or SI free-radical polymeriza-
tion with N-([3-(methacryloylamino)propyl]-N,N-dimethyl-
N-(2-nitrophenylmethylcarboxymethyl) ammonium chloride
were also carried out, but polymeric brushes or thin layers were
not obtained due to the polymerization inhibition effect of the
nitro group in the ortho position of the monomer molecule [59].
Furthermore, experiments with post-polymerization

Table 2 Composition of prepared CS-based samples

wt.% of individual components

Sample code CS CBE0.167-
CS

CBE0.33- CS CBE1-
CS

CBE3-
CS

CBE4-
CS

CBE5-
CS

CBE6-
CS

Polymer 0 0.167 0.33 1 3 4 5 6

M 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2

Sample code CS CB0.167-CS- CB0.33-CS- CB1-CS CB 3CS CB-4CS CB5CS CB6CS

CB 0 0.167 0.33 1 3 4 5 6

CS 7.2 7.2 7.2 7.2 7.2 7.2 7.2 7.2

Fig. 3 Dependence of the relative rheological synergism of mucus-based
systems forΔG′/G′ (a) andΔG″/G″ (b) on the polymer concentration of
CBE (■, □) and CB (▲, △). The lines are guides for the eyes
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modification of poly(N-[3-(dimethylamino)propyl]
methacrylamide) were performed; however, quaternization was
achieved in 16% yield as per XPS analysis. Nevertheless, the
proposed applications do not require CBE polymer surface at-
tachment, and the facile implementation of this concept in the
already mentioned medical applications has been proven.

4 Conclusions

This ar t ic le extended our previous f inding on
photoswitchable polycationic CBE to charge-balanced
polycarboxybetaine CB, which showed dramatic changes
in the interactions with DNA and bacteria after the

Fig. 5 Dependence of the elastic modulus G´ (a), viscous modulus G´´
(b) and tan δ (c) on the angular frequency, ω, for samples containing
various concentrations of CB: CS (■, □), CB1-CS (▲, △), CB3-CS (●,
○), CB4-CS (★, ✰), CB5-CS (▼, ▽) and CB6-CS (◆,◇)

Fig. 4 Dependence of the elastic modulus G´ (a), viscous modulus G´´
(b) and tan δ (c) on the angular frequency, ω, for samples containing
various concentrations of CBE: CS (■, □), CBE-CS1 (▲, △), CBE3-CS
(●, ○), CBE4-CS (★, ✰), CBE5-CS (▼, ▽) and CBE6-CS (◆,◇)

Scheme 4 Schematic presentation of interactions CBE and CB with cellulose sulfate and the images of sample CBE6-CS (middle) and CB6-CS (right)
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transformation [13]. This investigation revealed the con-
trolled viscoelastic behavior of the polymer, exhibiting
photoswitchable properties with bioactive molecules,
which can be utilized in various medical applications.
Through investigation of the viscoelastic properties, the
interactions of polymer-based samples with both mucus
and cellulose sulfate substrates were evaluated. The rhe-
ological synergism was in the same range as that with
polyallylamine acid [56] or other systems based on chi-
tosan [57]. Moreover, the viscoelastic properties can be
modulated, and the interactions with both substrates
were suppressed by UV light due to presence of the
photolyzable ester group in CBE, which makes this

approach more attractive. Both investigated systems ex-
hibited shear-thinning behavior, and CS showed better
shear-thinning performance than the mucus CBE-sys-
tems. Prolonged photolysis led to a continual decrease
in favorable interactions within sample networks due to
the formation of the electronically balanced, nontoxic
and hemocompatible zwitterionic form, which increases
the rate of the disassembly and release of DNA from
DNA-CBE complexes on the surface [13]. It should be
pointed out that this study shows a proof of concept for
the light-controlled adjustment of viscoelastic properties
with biological active species; however, long-term UV
light exposure may cause damage to biosystems. Thus,
further studies are in progress to improve the photolysis
by employing ester groups suitable for two-photon
absorption.

Nevertheless, the light-modulated interactions of
betaine-based polymers with various substrates open an
avenue for spatial and temporal control of the modula-
tion of viscoelastic properties, release or adhesion. This
approach can be potentially used in bioactive species
delivery or in surgical applications.
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