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Abstract

A new miniaturized micro sequential injection coupled with the lab-on-valve (USIA-
LOV) technique was full-blown to perform inhibitory studies on dihydrofolate
reductase (DHFR). The system was used to evaluate the DHFR inhibition activity of
metal-based anticancer compounds. The metal complexes exhibited 1Cso values in the
range 1.3 + 0.3 to 108 = 7 uM, with half of the complexes lying in the low uM range,
i.e., 1.3+ 0.3t04.4+0.2 uM. For comparison, methotrexate (MTX), a known inhibitor
of DHFR, has an ICso value of 0.38 + 0.06 uM. The uSIA-LOV is a versatile, robust,
rapid, and easy to operate, allowing automated determination of DHFR inhibition.
Moreover, the automated system requires very little sample (approximately 40 pL per
analysis), uses minimal reagents (5 times less than the batch procedure used), and
generates very little waste (around 1.2 mL per analysis) compared with batch methods,

considerably reducing costs.
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1. Introduction

The third generation of flow analysis, also termed the lab-on-valve (LOV) concept, is an
advanced mesofluidic approach that provides huge potential for instrumental
miniaturization, automatization, and continuous monitoring of chemical and
biochemical assays combined with automatic treatment of sample [1]. The LOV concept
merges all the intrinsic benefits of flow methods with micro-flow injection analysis
(uF1A) channels, using an integrated machined structure [2].

The resulting mesofluidic platform enables unattended chemical and biochemical
analysis performance, independent of the matrix, chemistry, and samples involved,
based on programmable pressure user-friendly software whose flow direction and rate
are controlled [3].

Several detections could be associated with LOV platforms for several applications.
There are some studies that reported the detection outside the LOV platform, using
optic fibers that are connected to the flow cell [4] or also by chromatographic detection
[5, 6]. On the other hand, there are others LOVs where the detection is inside the flow
cell. This configuration is mainly used for absorbance detection but also for fluorimetry
and chemiluminescence detection [7-10].

Micro sequential injection coupled to lab-on-valve (uSI-LOV) platform based on the
programmable flow, has been used to perform biomolecular assays, including
enzymatic assays [11, 12].

The study of enzyme kinetics allows both substrates and inhibitors to be characterized
[13]. Standard enzyme kinetics studies typically employ manual bench techniques.
However, the irregularity of the mixing time prior to detection and the time consumed
by manual operation can lead to errors. Consequently, to improve accuracy and reduce
the analysis time, LOV provides some advantages. The stopped-flow injection
procedure has been successfully useful to the determination of reactions rate [14-16].
Basically, the flow can be stopped for a chosen period allowing the reaction to be
continuously monitored as a function of time. Hence, we decided to develop a uSIA-
LOV system with a new coupled detection module using optical fibers in 90° based on
stopped-flow analysis to evaluate the ability of metal-based compounds to inhibit
dihydrofolate reductase (DHFR).

DHFR enzyme catalyzes the reduction of dihydrofolate to tetrahydrofolate in an

NADPH-dependent manner [17]. This enzymatic reaction interferes with the various



amino acids, thymidylate, and purines biosynthesis and is also an important target for
anticancer drugs such as methotrexate. [18].

In recent years, significant efforts have been devoted to developing alternative metal-
based drugs to platinum-based complexes currently extensively used to treat cancer [19-
21]. One of the leading classes of compounds under intensive evaluation comprises
ruthenium-arene complexes, which have been extensively evaluated in vivo and show
highly promising properties [22]. Iron, due to its bioavailability, is another attractive
element for a metal-based drug that noticeably decreases the toxic consequences of
these compounds, and the chemical redox potential in physiological media, typically
involving the oxidative states of Fe'' and Fe'". Some monoiron complexes have been
studied due to their anticancer effect and functionalized ferrocenes have emerged as
promising candidates [23, 24]. Recently, different categories of diiron compounds based
on the {Fe>.Cp2(CO)yx} scaffold (x = 2 or 3) have revealed potential in this field. They
display ideal characteristics for a drug candidate, such as straightforward gram-scale
synthesis from cheap precursors, generally noticeable water solubility, amphiphilicity,
and wide structural variability by varying the substituents on the bridging hydrocarbyl
ligand (i.e., hetero-carbyne or vinyliminium). These diiron complexes exhibit
cytotoxicity against cancer cells ranging from low micromolar to inactive, and a marked
selectivity towards noncancerous cells [25-27]. It has been outlined that aminocarbyne
complexes probably exert their action by inhibition of thioredoxin reductase enzyme
[25].

Herein, we describe a simple uSIA-LOV method for the automated determination of
DHFR activity and its application to a selection of metal-based compounds with a
previously established anticancer activity. Results of DHFR inhibition are discussed

with respect to the structure and the antiproliferative activity of the compounds.

2. Materials and Methods

2.1. Reagents
Dihydrofolate reductase (DHFR), dihydrofolic acid (DFA), Nicotinamide adenine
dinucleotide phosphate (NADPH), and methotrexate were purchased from Sigma.
Dimethyl sulfoxide (DMSO) and ethanol were purchased from Merck and Fisher
Chemical, respectively. Milli-Q water plus system was used to get ultrapure water with
specific conductivity less than 0.1 uS cm™ !. This specific water was used to prepare all

the solutions and the reagents were weighed in analytical grade.



The carrier solution used in the uSIA-LOV method was phosphate buffer solution
(PBS) 0.1 mol L at pH 7.4. DHFR, DFA, and NADPH were prepared every day in
PBS 0.1 mol L pH 7.4 at concentrations of 0.03 U, 0.74 mM, and 2.6 mM,
respectively. These solutions were protected from light. DHFR and NADPH were
incubated in an ice bath during the procedure.

Compounds 2a-d [28], 3a [29], 3b [30], 4a-d [25, 31], 5a-e [26, 32], 6a-b [33, 34] were
synthesized as described in the literature. The compounds were dissolved in a DMSO
solution diluted 10-fold with PBS 0.1 mol L™ pH 7.4.

2.2. Flow and detection setup
The uSIA-LOV concept was developed with the purpose of improving the analytical
performance since all the sample handling steps are integrated nearby to the
measurement area. The developed system is represented in Figure 1. In Fig. S1

(supplementary material), it is presented the real image of this new LOV platform.
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Figure 1 — A) lllustration of the p-SIA LOV system used. C — Carrier; S — syringe; LSIA—
LOV - micro sequential injection analysis coupled to lab-on-valve; HC — holding coil; DMSO:
PBS - dimethylsulfoxide: phosphate buffer solution; I - inhibitor; PBS - phosphate buffer
solution; DFA - dihydrofolic acid; NADPH - -Nicotinamide adenine dinucleotide 2'-phosphate



reduced; DHFR - dihydrofolate reductase; W4 — waste of Port 4; F2 L - tungsten halogen lamp;
F1 D - detector; W — waste. B) New LOV platform used in this work.

The flow manifold consisted of a microsyringe pump model BulS with the bi-
directional flow (Crison Instruments S.A., Allela, Barcelona, Spain) with a 2500 uL
syringe of gastight glass (Hamilton, Bonaduz, Switzerland) for programmed liquid
handling; a holding coil with 2 m, a LOV platform fixed on the top of a ten-port multi-
position selection valve that acts as a valve stator and two optical fibers, one with the
light source and the other one with the optical detector. The central uSIA-LOV port is
connected to the “out” position of the syringe pump. To fill the syringe with carrier
solution it is necessary to move to the “in” position of the syringe pump. All system
components are connected by PTFE tubing with 0.8 mm of internal diameter.

The valve position, flow direction, flow rate, duration of stop flow, the volumes of
enzyme, sample, and substrate, as the acquirement and process of data analysis were
controlled by a computer using MCF (Microsoft Foundation Classes) software.

To record the spectroscopic signals, it was used another computer with OOIBase32TM
software version 2.0.6.5 of Ocean Optics. The decrease of NADPH was detected using
an Ocean Optics USB4000 hand-held (from Ocean Optics Inc., Dunedin, FL, USA)
which requires an optical detector for online photometric measurements and an LS-1-
LL tungsten halogen light source (Ocean optics) that interfaces with the detector on the
3D LOV platform operating as an adaptive flow cell. For that, a couple of optical fibers
with 600 um of diameter were attached to the LOV platform and they were attached to

the LOV platform in a 90° position to measure the fluorescent intensity of the reaction.

2.3. LOV analytical technique
Before starting the analyses of DHFR enzymatic inhibition in uSIA-LOV, it was
confirmed the excitation and emission wavelengths of DHFR reaction. Thus, the
excitation and emission wavelengths defined were, respectively, 357 nm and 472 nm.
The inhibitory capacity of the compounds tested was determined by the inhibition
percentages and half-maximal inhibitory concentration (ICso) against DHFR enzyme
using this automatic system. Previously, the syringe and the central tube of the selection
valve were filled with the carrier solution (PBS 0.1 M at pH 7.4) and the selection valve

adjacent tubes were filled with the reagents. The conduits at positions 3, 4, 5, 6, and 7



(see Figure 1) were filled with PBS pH 7.4, DMSO 10-fold diluted or test compound,
DFA, NADPH, and DHFR, respectively. Afterward, the analytical cycle described in
Table 1 was implemented by aspiration of 10 uL of DHFR, test compound, NADPH,
DFA, and PBS (steps 1-5). Then, using flow reversal, the fluids were propelled to the
flow cell (step 6) and the flow was stopped inside the flow cell for 90 seconds to acquire
endlessly the reaction product fluorescence (step 7). After that, the detection cell was
cleaned (step 8). To decrease the determination time, it was possible to repeat the
analytical cycle twice without filling the syringe between determinations. All the
determinations were led at room temperature and each assay was performed in

triplicate.

Table 1 - uSIA-LOV analytical cycle defined to carry out the DHFR inhibition assays.

Step \F/)glij ';ion Xﬁl‘;me Time () I(:r:]ozv nr]?;i) Event

1 7 10 1.2 0.5 Aspiration of DHFR

2 4 10 1.2 0.5 Aspiration of inhibitor

3 6 10 1.2 0.5 Aspiration of NADPH

4 5 10 1.2 0.5 Aspiration of DFA

5 3 5 1.2 0.5 Aspiration of PBS

6 9 117 7 1 Propulsion to the flow cell
7 9 0 90 0 Stop period in flow cell

8 9 1000 60 1 Cleaning flow cell

2.4. Batch method
The activity of DHFR (3.9x107° U) was evaluated fluorimetrically at 357/472 nm by
measuring the reversible catalysis of NADPH-dependent reduction of DFA to
tetrahydrofolic acid by DHFR (Figure 2) based on DHFR assay kit from Sigma-Aldrich,
St. Louis, MO, USA. The assay contained 50 uM DFA and 60 uM NADPH in 0.1 M
PBS (pH 7.4). The assays were led at room temperature considering the manufacturing

specifications and each condition was performed in triplicate.
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Figure 2 — DHFR enzymatic reaction.

3. Results and discussion
A uSIA-LOV system was developed for the automatic determination of DHFR activity
and applied to a set of metal-based compounds with anticancer activity. DHFR
catalyzed the reaction of dihydrofolate acid (DFA) with tetrahydrofolate (THF) using
NADPH as a cofactor, and the fluorescence intensity (FI) of the reaction decreases as
NADPH is concerted to NADP™,

3.1. uSIA-LOV method optimization
The main parameters of the uSIA-LOV system, i.e., order of aspiration, the volume of
the aliquots, propulsion time to the uSIA-LOV detector, reagents concentrations, and
volume were studied (Table 2). Initially, the aspiration order of the reagent aliquots was
studied and defined as DHFR — inhibitor - NADPH — DFA, since this aspiration order
provides a 5 times higher analytical signal than the other conditions tested. In this case,
the DHFR and NADPH will be close to the inhibitor aliquot (that will substitute the
DMSO 10-fold diluted aliquot) and DFA has a lower system dilution as it is the last
reagent to be aspirated. To further enhance the reagents mixture, the total volume of the
reagent’s aspiration was reduced to 40 pL, to decrease the reagents dispersion while
preserving the low aspiration volumes without compromising the repeatability and the

reliability of the assay.
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Table 2 - Optimization conditions and results.

Parameters Range Values selected
Volume of reagents 5puL —-10 L 10 pL

DHFR - NADPH — inhibitor - DFA

DFA — inhibitor - NADPH - DHFR DHFR — inhibitor -
Order of aspiration DHFR — inhibitor - NADPH - DFA NADPH - DFA

DFA - NADPH — inhibitor - DHFR

NADPH concentration 0.16 mM - 0.65 mM 0.32 mM
DHFR concentration  9.8x10° U - 3.9x10* U 2x104 U
DFA concentration 0.06 mM — 0.5 mM 0.09 mM

Volume propelled to

the detector 85 UL - 135l 7L

In order to facilitate mixing of the aliquots to increase the reproducibility of the assay,
the holding coil was placed near to the LOV platform. Since small reagent volumes are
aspirated, these aliquots reach the holding coil (HC in Figure 1) in shapes of 8 which
promotes better mixing and hence reaction. The propulsion time to the detector was also
optimized towards obtain the best analytical signal in the detector. Comparing all the
conditions tested, a propulsion time of 7 seconds provided the higher signal of NADPH
in blank (15 times, 5 times and 3 times higher than 5.1 seconds, 6 seconds, and 8.1
seconds, respectively). All the propulsion times were tested with a flow rate of 1 mL
min L.

After establishing the volume of the reagents zone, the concentrations of DHFR, DFA
and NADPH were optimized. DHFR was studied in the concentration range 9.8x107° to
3.9x10* U (Unit - is described as a unit of enzyme activity that catalyse 1 pmol
substrate conversion or the 1 pmol product formation in 1 min) [35]. An optimal DHFR
concentration of 2x10* U was selected as direct proportionally with the Fl is observed.
The NADPH concentration (give range) was also optimized simultaneously with the
DFA concentration (0.006 mM - 0.25 mM), with the NADPH concentration fixed at
0.32 mM.



Lastly, the concentration of DFA was then studied. The enzyme activity rate increases
with increasing substrate concentration until the enzyme gets saturated with the
substrate. A calibration curve was performed using the DFA concentration. The
obtained calibration curve is F = (77.4 £ 60.7) C (mM) - (3.3 £ 4.1); R? = 0.99, where F
corresponds to the intensity of fluorescence and C corresponds to the concentration of
DFA in mM, with a confidence limit for the intercept and slope of 95%. The limit of
detection and the limit of quantification is 0.01 mM and 1.07 mM, respectively.

The Michaelis-Menten constant (Km) and half of the maximal velocity (Vmax) were
also calculated to be 0.25 mM and 10.76 mmol s, respectively, using software
GraphPad Prism 7. The concentration of substrate at which the enzymatic reaction rate
is half of the maximal velocity (Vmax) is Km. To guarantee the higher DHFR activity in

the proposed inhibition assays, a 0.09 mM DFA concentration was defined.

3.2. Application of the pSIA-LOV system to determine metal-based compounds
I1Cso values

The outcome of diverse concentrations of each compound was evaluated in triplicate on
the enzymatic activity using a 0.09 mM DFA solution which was selected from the
linear concentration range of the calibration curve. In Fig. S2 of Supplementary
material, it is represented the acquired polynomial relations including the normalized
activity and each compound logarithm concentration. The whole compounds library
tested inhibited DHFR in a dose-dependent manner and the 1Cso values are presented in
Table 3.

Table 3 - ICsp values of the compounds tested for DHFR inhibition.
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5d 29+0.2
5e 25+0.2
6a 29104
6b 1.3+0.3
7

Carboplatin 84+0.8

[a] Cationic complexes as CF3SO3™ salts, except 3a (RUCYN) as NOs™ salt.

Methotrexate (MTX) is a known DHFR inhibitor and was used as a positive control. In
the literature, ICso values for methotrexate vary with the type of assay performed. El-
Naggar et al. evaluate the inhibition of DHFR enzyme using methotrexate and the in
vitro 1Cso obtained was 0.14 + 1.38 uM [36] based on a different DHFR inhibition assay
[37]. Abdelaziz et al. also determined the 1Cso value of MTX by enzyme-linked
immunosorbent assay (ELISA) technique and they obtained an 1Cso value of 5.57 uM
[38]. Using the uSIA-LOV system we obtained a 1Cso of 0.38 + 0.06 uM.

All the metal compounds tested were found to be less efficient DHFR inhibitors than
methotrexate. Nevertheless, several complexes (3a, 5b, 5c, 5e, 5f, 6a and 6b) showed

ICso values in the low uM range, similar to that of their antiproliferative activity on



cancer cells (ICso after 72 h incubation) [25, 26, 29, 31], indicating that DHFR
inhibition might contribute to their antiproliferative mechanism.

The RAPTA derivatives (2a-d) showed a weak inhibitory activity, with 1Cso values
within the 30 to 100 uM range. These complexes are also exhibiting limited
antiproliferative effects on cancer cells [39]. Conversely, the Ru(II) n®-arene complex
RUCYN (3a) was found to be a much more effective DHFR inhibitor (ICso = 3.9 £ 0.8)
and this compound is also cytotoxic to cancer cells. It is interesting to note that while
RAPTA-C (and its derivatives) easily undergo CI- displacement in aqueous solution
[40], and many protein adducts are known [41-43], RUCYN is comparatively inert in
water and not particularly reactive with biosubstrates like Bovine Serum Albumin and
Calf Thymus DNA [44].

Regarding diiron cyclopentadienyl complexes, the aminocarbyne derivatives (4a-d)
showed moderate DHFR inhibition activity ICso in the range 9 - 30 uM, whereas the
vinyliminium 5a-f and thiocarbyne 6a-b complexes revealed the highest inhibitory
properties against DHFR, with 1Cso values all-around 3 uM, respectively. The higher
effect provided by 4a (ICso = 15.4 £ 4.8 uM) compared to 4c (ICso = 30.0 + 1.9)
evidence that DHFR inhibition maybe not necessarily correlated with cytotoxicity, on
considering that the former compound is inactive against various cancer cell lines, while
the latter exerts considerable cytotoxicity even in 3D models [25]. With reference to
vinyliminium complexes 5a-f, the biological activity for DHFR inhibition, in
comparison with cytotoxicity data [25, 26, 31, 32], is consistent within a given subset of
compounds, and the influence of different substituents is minor. The widely used
anticancer drug carboplatin was also evaluated and exhibits an 1Cs value of 8.4 £ 0.8
uM, suggesting that DHFR inhibition may contribute, at least in part, to its anticancer

effect.
3.3. Validation of uSIA-LOV
In order to validate our new approach to evaluate the inhibition of metal-based

compounds using DHFR enzyme, some compounds were also analyzed using a batch

method, with good agreement found between the two methods (see Table 4).



Table 4 - Assessment of uSIA-LOV and batch ICsg values.

Compounds ICso uSIA-LOV £ SD (uM)  1Cs0 batch = SD (uM)
Methotrexate 0.38 £ 0.06 1.90 £ 0.07

4a 154+48 17.6 +5.0

4b 9.2+35 54+05

4c 30019 305+11.4

5b 32+05 49+0.6

6a 29104 54+0.7

Three statistical tests were carried out to verify that the developed method is not
statistically different from the batch method. In agreement with the student’s t-test, the
tabulated t value (2.57) was compared to the calculated t value (— 0.81). Comparing the
results, there are no statistical differences at the confidence level of 95% [45]. It was
also considered the p-value and considering the confidence level of 95% (p = 0.05), the
p-value of 0.91 was obtained and, consequently, it confirmed the absence of statistical
differences when both methods are compared. Also, a linear relationship was
determined, and the equation was defined as:

ICs0 LOV = (0.99 + 0.29) ICso BATCH - (0.64 + 4.38)

where 1Cs0LOV and ICso0BATCH are, respectively, the I1Cso results acquired in uSIA-
LOV and batch methodologies with intercept and slope confidence limits of 95%. The
expected intercept and slope values were not considerably different, respectively, from
0 and 1, therefore, it approves the agreement of uSIA-LOV and batch methodologies.
Additionally, the coefficient of Pearson’s correlation was considered (~ 0.96) validating
the worthy correlation among both series of results obtained by batch and uSIA-LOV
methods.

Comparing this new pSIA-LOV method with batch, in uSIA-LOV, the analytical signal
is obtained in less than 3 minutes instead of the 5 minutes of the batch procedure.
Furthermore, there is a significant reduction in solvents in the SIA system since we
aspirated 5 times less of DHFR solution and 5 times less of NADPH and DFA solutions
than in the batch method. In general, there is a decrease of 5 times in samples and



reagents consumed. Taking this into account and all the other advantages of uSIA-LQOV,

it is possible to obtain precise and reliable results using this new methodology.

4. Conclusions
A new automatic uSIA-LOV methodology was developed for the assessment of DHFR
activity and used to determine the inhibitory effect of selected metal-based compounds
endowed with anticancer activity. The uSIA-LOV system offers several advantages
over batch methods, including a noteworthy reduction in reagents, solvents, and
samples consumed and less operator involvement. Notably, the system was found to be
suitable for routine analysis. The application of the uSIA-LOV method to study the
inhibitory effect of a panel of metal-based anticancer compounds demonstrated that the
inhibition of DHFR could be taken into consideration as a possible contribution to their

antiproliferative activity.
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Supplementary material

Figure S1 — Experimental inhibition data of tested compounds in the DHFR inhibition

assays.
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